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DEVELOPMENT  OF  AN  AUTOMATED  AIRFIELD  DYNAMIC  CONE 
PENETROMETER  (AADCP)  PROTOTYPE  AND  THE  EVALUATION  OF 
UNSURFACED  AIRFIELD  SEISMIC  SURVEYING  USING  SPECTRAL 
ANALYSIS  OF  SURFACE  WAVES  (SASW)  TECHNOLOGY 

By 

Captain  David  Welntraub,  USAF 
December  1993 

Degree:  PhD  In  Civil  Engineering 
Chairperson:  John  L.  Davidson 

Major  Department:  Civil  Engineering,  University  of  Florida 
The  mission  of  U.S.  Air  Force  Combat  Controllers  is  to 
Infiltrate  unused  airfields.  A  specially  trained  evaluation 
team,  carrying  limited  portable  testing  equipment,  evaluates 
the  unsurfaced  airfield  for  use  as  a  landing  zone.  The 
equipment  used  to  evaluate  the  bearing  capacity  of  the 
airfield  is  the  Dynamic  Cone  Penetrometer  (DCP) . 

Empirically  based  relationships  are  used  to  predict  the  type 
and  number  of  aircraft  passes  on  the  unsurfaced  airfield 
based  on  Inputs  from  the  DCP. 

It  was  the  goal  of  this  research  to  improve  on  the 
field  testing  equipment  used  in  the  unsurfaced  airfield 
evaluation  process.  The  specific  objectives  were  (a)  to 
develop  prototype  airfield  bearing  test  equipment  that  is 
less  labor  intensive  than  the  currently  used  Dynamic  Cone 
Penetrometer  (DCP) ,  while  still  providing  accurate  bearing 
capacity  data,  and  (b)  evaluate  Spectral  Analysis  of  Surface 
Wave  (SASW)  technology  as  a  means  of  selsmically  surveying 
unsur faced  runways  and  aprons. 

An  Automated  Airfield  Dynamic  Cone  Penetrometer  (AADCP) 


prototype  was  developed  to  measure  unsurfaced  airfield 
bearing.  Using  correlations  with  the  manual  DCP  and  DCP-CBR 
relationships  established  in  the  literature,  the  AADCP  can 
predict  airfield  bearing  strengths.  The  AADCP  was  shown  to 
be  Inherently  less  labor  intensive  than  the  manual  DCP  due 
to  its  pneumatic  operation.  In  addition,  SASW  surveying 
techniques  were  successfully  used  to  qualitatively  detect 
soft  layers  at  a  soil  site  and  a  surveying  technique  was 
recommended  to  qualitatively  compare  profiles  of  an 
unsurfaced  airfield. 
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Tha  mission  of  U.S.  Air  Forca  Combat  Controllars  is  to 
infiltrata  unusad  airfialds  in  anamy-controllad  tarritory, 
accass  and  raport  conditions,  and  control  tha  airdrop  for 
tha  antranca  of  tha  main  army  forca.  Onca  tha  airfield  is 
secure,  a  specially  trained  evaluation  team,  carrying 
limited  portable  tasting  equipment,  evaluates  the  unsurfacad 
airfield  for  possible  use  as  a  landing  zona.  Tha  equipment 
used  to  evaluate  tha  bearing  capacity  of  tha  airfield  is  tha 
Dynamic  Cons  Panatromatar  (DCP) .  Empirically  based 
relationships  are  used  to  predict  tha  type  and  number  of 
aircraft  passes  on  tha  unsurfacad  airfield  based  on  inputs 
from  tha  DCP. 

It  was  tha  goal  of  this  research  to  improve  on  tha 
field  tasting  equipment  used  in  tha  unsurfacad  airfield 
evaluation  process.  The  specific  objectives  were  (a)  to 
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develop  prototype  airfield  bearing  test  equipment  that  is 
less  labor  Intensive  than  the  currently  used  Dynamic  Cone 
Penetrometer  (DCP) ,  while  still  providing  accurate  bearing 
capacity  data,  and  (b)  evaluate  Spectral  Analysis  of  Surface 
Wave  (SASW)  technology  as  a  means  of  seismically  surveying 
unsurfaced  runways  and  aprons. 

An  Automated  Airfield  Dynamic  Cone  Penetrometer  (AADCP) 
prototype  was  developed  to  measure  unsurfaced  airfield 
bearing.  Using  correlations  with  the  manual  DCP  and  DCP-CBR 
relationships  established  in  the  literature,  the  AADCP  can 
predict  airfield  bearing  strengths.  The  AADCP  was  shown  to 
be  Inherently  less  labor  intensive  than  the  manual  DCP  due 
to  its  pneumatic  operation.  Though  the  AADCP  is  not  field- 
ready  due  to  weight  and  power  restrictions,  it  is  a  viable 
prototype  which  can  be  modified  to  meet  field  conditions. 

In  addition,  SASW  surveying  techniques  were  successfully 
used  to  qualitatively  detect  soft  layers  at  a  soil  site  and 
a  surveying  technique  was  recommended  to  qualitatively 
compare  profiles  of  an  unsurfaced  airfield. 
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CHAPTER  1 


INTRODUCTION 


1.1  Problem  Statement 

One  of  the  greatest  attributes  of  a  modern  air  force  is 
its  ability  to  go  anywhere,  at  any  time,  with  the  utmost 
speed.  In  the  last  decade,  the  United  States  Air  Force  has 
carried  out  this  doctrine  with  tremendous  skill.  From 
Grenada  in  1981  to  Panama  in  1985  to  the  recent  Operation 
Desert  Shield  in  1991,  our  air  force  has  shown  that  with 
proper  training,  equipment  and  leadership  "quick  reaction 
strike  forces"  can  do  the  job. 

In  support  of  these  strike  forces  is  a  team  known  as 
the  Combat  Control  Team  (CCT) .  The  mission  of  U.S.  Air 
Force  Combat  Control  Team  is  to  infiltrate  unused  airfields 
in  enemy>controlled  territory  without  being  detected,  access 
and  report  airfield  conditions,  and  control  the  airdrop  for 
the  entrance  of  a  main  army  force  (MACP  50-5  1989)  .  The 
airfield  conditions  are  assessed  by  specially  trained  CCT 
runway  evaluation  teams,  carrying  limited  portable  testing 
equipment.  Field  test  results  are  used  as  input  data  in 
empirically  based  models  which  predict  the  bearing  strength 
of  the  unsurfaced  runway  and  the  type  and  number  of 
allowable  aircraft  takeoffs  and  landings.  Figure  l.l  is  a 
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Figure  1.1  Unsurfaced  Airfield  Evaluation  Process 
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basic  outline  which  describes  the  unsurfaced  airfield 
evaluation  process.  The  U.S.  Air  Force  has  primarily  used 
two  different  portable  penetrometer  devices  to  evaluate  the 
bearing  strength  of  the  landing  sitt^  in  the  last  decade. 
They  are  the  Airfield  Cone  Penetrometer  (ACP)  and  the 
Dynamic  Cone  Penetrometer  (DCP) . 

The  Airfield  Cone  Penetrometer  (ACP)  was  first  used  in 
this  capacity  in  the  early  19608.  This  device  uses  a  rod- 
cone  assembly  that  is  pushed  into  the  ground  by  hand.  The 
ACP  measures  the  cone  resistance  using  a  spring  loaded 
mechanism  to  a  depth  of  about  24  Inches  but  can  penetrate 
deeper  if  necessary.  However,  the  ACP  penetration  is 
limited  by  the  vertical  force  which  a  CCT  member  can 
provide.  At  times,  the  CCT  member  is  forced  to  hand  auger 
through  a  stiff  layer  near  the  surface  and  then  continue  the 
ACP  testing  to  the  final  test  depth,  usually  24  inches.  In 
August  of  1986,  a  C-130  aircraft  punched  through  an 
unsurfaced  landing  zone  which  had  been  previously  approved 
by  a  Combat  Control  Team  (CCT)  using  the  ACP  as  its 
evaluation  device.  Although  there  were  several  reasons  for 
the  punch-through,  the  two  of  most  Importance  where  the 
inability  of  the  CCT  member  to  penetrate  the  full  24  inches 
using  the  ACP  device  and  the  limited  number  of  tests  due  to 
time  constraints  placed  on  the  CCT  members.  It  was  later 
discovered  that  "the  failed  area  was  marked  by  a  color 
change  from  the  Intact  portion  of  the  airfield.  The  color 
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change  occurred  when  the  airfield  constructors  placed  a 
strong,  lightweight,  porous  gravel  over  weak  silt  material 
to  provide  strength  for  their  aircraft.  Penetrometer 
measurements  to  a  depth  of  24  Inches  in  6  inch  intervals 
would  have  revealed  the  problem  (soft  layer)"  (Brown, 
personal  communication)  .  Since  this  incident,  the  Air  Force 
has  searched  for  alternative  field  equipment  to  measure 
bearing  capacity  of  a  landing  zone.  Today  the  state-of-the- 
art  equipment  used  by  the  U.S.A.F.  to  evaluate  the  bearing 
capacity  of  the  airfield  is  the  Dynamic  Cone  Penetrometer 
(DCP) . 

The  Dynamic  Cone  Penetrometer  is  a  relatively  light¬ 
weight,  mobile  testing  device.  It  consists  of  a  17.6  pound 
sliding  weight  hand  raised  22.6  Inches  and  released  to 
strike  an  anvil -rod-cone  assembly.  This  energy  drives  the 
attached  39.4  inch  rod  into  the  ground.  The  cone  is  0.79 
inches  in  diameter  and  has  a  60  degree  cone  apex.  The 
number  of  inches  per  blow  is  defined  as  the  DCP  index  value 
and  is  a  measure  of  bearing  strength.  It  is  used  in  the 
correlations  to  estimate  the  number  of  safe  takeoffs  and 
landings  of  the  unsurfaced  airfield. 

The  DCP  has  been  used  by  the  Air  Force  successfully  for 
the  past  six  years.  However,  it  does  have  some  drawbacks. 

In  an  interview  with  the  Combat  Control  School  Instructors 
and  with  a  former  AFESC  Pavement  Evaluation  Team  Chief,  the 
test  is  described  as  extremely  labor  intensive.  Current 
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procedures  provide  for  testing  at  200  foot  stations  along  15 
foot  offsets  of  the  centerline  on  the  airfield.  With  such 
few  data  locations  tested,  under  strict  time  constraints,  it 
is  feasible  that  the  CCT  members  will  leave  the  airfield 
without  a  full  picture  of  its  bearing  strength.  The  U.S. 

Air  Force  therefore  has  requested  that  research  be  conducted 
to  address  the  problems  of  field  testing  of  unsurfaced 
airfields. 

1.2  Objectives 

To  improve  the  technology  in  evaluations  of  unsurfaced 
airfields,  a  large  research  effort  has  been  undertaken  by  HQ 
AFCESA/RACO.  The  major  thrust  of  the  U.S.A.F  research  was 
awarded  in  the  late  1980 's  to  Technion  Israel  Institute  of 
Technology  **  Transportation  Research  Institute  (TRI)  .  TRI's 
goal  is  to  improve  the  technology  of  evaluating  and 
predicting  the  carrying  capacity  of  unsurfaced  airfields. 
They  have  emphasized  the  accuracy  of  the  correlations  used 
to  predict  the  number  of  takeoff  and  landings  and  are 
presently  including  aircraft  braking  and  turning  stresses 
into  the  unsurfaced  airfield  evaluation  process. 

Essentially,  the  Israeli  effort  is  to  update  the  second  and 
third  phases  shown  in  Figure  1.1  using  modern  testing 
techniques  and  practices. 

It  is  the  general  goal  of  this  research  to  improve  on 
the  first  phase  of  the  unsurfaced  airfield  evaluation 
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process.  In  January  of  1991,  HQ  AFCESA/RACO  at  Tyndall  AFB, 
requested  that  a  research  effort  be  undertaken  to  propose 
new  methodologies  to  evaluate  bearing  capacity  of  unsurfaced 
airfields.  The  following  are  specific  objectives  of  this 
research  effort: 

(a)  Investigate  the  development  of  an  unsurfaced 
airfield  prototype  device  that  Is  less  labor  Intensive  than 
the  currently  used  Dynamic  Cone  Penetrometer  (DCP)  data. 

(b)  evaluate  the  Spectral  Analysis  of  Surface  Wave 
(SASW)  technology  as  a  means  of  assessing  subsurface  spatial 
variations  throughout  the  unsurfaced  runway  and  apron. 

1.3  QYfiXViflW 

This  dissertation  has  been  divided  into  seven  chapters. 
The  first  chapter  defines  the  purpose  and  objectives  of  the 
research.  The  second  chapter  presents  the  reader  with  a 
literature  review  of  past  and  present  U.S.A.F.  methods  to 
evaluate  carrying  capacity  of  unsurfaced  airfields.  This 
chapter  also  presents  an  Introduction  to  Spectral  Analysis 
of  Surface  Wave  (SASW)  technology  and  its  use  In  the  seismic 
evaluation  of  soil  sites. 

The  third  chapter  discusses  the  major  phases  of  the 
AAOCP  prototype  development  and  describes  the  final  version 
of  the  AADCP  In  detail.  The  chapter  begins  with  the 
rationale  used  to  select  the  evaluation  system,  citing  the 
various  advantages  and  disadvantages  of  the  available 
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systems.  The  chapter  then  introduces  the  several  prototypes 
developed,  in  chronological  order,  leading  up  to  the  final 
AADCP  design.  Each  prototype  is  discussed  in  detail  and  it 
is  shown  how  the  final  version  evolved  from  it.  The  chapter 
concludes  with  a  detailed  description  of  the  final  AADCP 
equipment,  including  the  penetration  device  with  its 
auxiliary  equipment. 

The  fourth  chapter  concentrates  on  describing  the 
equipment  used  in  this  research  to  accomplish  the  SASW  test 
evaluation.  It  Includes  a  discussion  on  the  digital  signal 
analyzer,  signal  receivers,  and  noise  sources.  The  SASW 
evaluation  was  accomplished  with  equipment  purchased  by  the 
Florida  DOT  (Gainesville  Office) .  The  fifth  chapter 
describes  the  testing  procedure  and  presents  and  discusses 
the  results  of  field  testing  for  the  Automated  Airfield 
Dynamic  Cone  (AADCP)  prototype.  This  chapter  presents  and 
discusses  the  DCP  field  repeatability  and  DCP  and  AADCP 
prototype  correlation  testing. 

The  sixth  chapter  details  the  testing  procedure  for  the 
evaluation  of  selsmically  surveying  an  unsurfaced  airfield 
using  the  spectral  analysis  of  surface  wave  (SASW) 
technology.  It  discusses  the  site  locations  where  the 
evaluations  took  place,  the  testing  procedures  and  test 
results . 

Chapter  seven  presents  the  research  conclusions  and 
recommends  a  new  methodology  to  evaluate  unsurfaced 
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airfields.  Several  areas  of  future  study  are  also 
discussed.  There  are  five  appendixes  that  contain  the  field 
data  of  the  DCP  reliability  testing,  SASW  Kanapaha  testing 
results,  AADCP-DCP  correlation  results,  force  measurement 
results  and  AADCP  Instruction  manual. 


CHAPTER  2 


REVIEW  OF  THE  LITERATURE 


2.1  Introduction 

The  purpose  of  this  chapter  is  to  provide  the  reader  a 
background  on  past  and  present  methods  used  by  the  U.S.  Air 
Force  to  evaluate  carrying  capacity  of  unsurfaced  airfields. 
In  addition,  this  chapter  presents  an  introduction  to 
Spectral  Analysis  of  Surface  Wave  (SASW)  technology  and  its 
use  in  seismic  evaluation  of  soil  sites.  The  literature 
review  begins  with  a  discussion  on  unsurfaced  airfield 
traf f icability . 

2.2  Unsurfaced  Airfield  Trafficabilitv 
2.2.1  Introduction 

Trafficability  of  an  airfield  is  determined  by  the 
shearing  strength  of  the  soil  surface  and  subsurface  and 
somewhat  by  the  stickiness  and  sllpperlness  of  the  surface 
(Molineux  1955)  .  In  the  event  that  shear  strength  is 
exceeded  by  an  aircraft  load,  the  surface  fails  and  puts  the 
aircraft  at  risk  of  Immobility.  In  addition,  once  the 
surface  has  failed  (formed  a  rut) ,  the  aircraft  must 
overcome  tremendous  rolling  resistance  forces  which  put  the 
aircraft  in  jeopardy  of  flight. 
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Unfortunately,  it  is  impossible  to  label  a  particular 
area  with  a  single  trafficability  rating  over  an  extended 
period  of  time.  Since  trafficability,  bearing  and  traction 
are  based  primarily  on  shearing  strength,  they  are,  like  the 
strength,  dependent  on  time,  weather,  and  location.  A  few 
cycles  of  traffic  can  usually  be  sustained  on  dry  soils. 
However,  if  moisture  is  added  the  shearing  strength  can  be 
significantly  decreased.  The  magnitude  of  this  effect 
depends  on  the  soil  type.  Generally  fine-grained  soils 
(silts  and  clays)  will  be  more  effected  than  coarse-grained 
soils  (sands).  Figure  2.1  shows  the  effects  of  moisture  on 
the  shearing  strength  of  three  fine-grained  soils.  The  cone 
index  is  defined  as  the  stress  (force  over  area)  required  to 
penetrate  a  certain  depth.  Notice  in  Figure  2.1  that  as  the 
moisture  content  increases,  the  cone  index  decreases. 

It  is  not  an  easy  task  to  measure  the  trafficability  of 
an  airfield  because  there  are  so  many  changing  variables 
involved  in  the  process.  This  leads  to  the  conclusion  that 
a  precise  theoretical  solution  is  virtually  impossible.  All 
the  correlative  studies  performed  on  unsurfaced  airfield 
evaluation  techniques  have  been  empirical  in  nature.  The 
next  section  describes  some  of  this  work. 
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Figure  2 . 1  Cone  Index  vs  Moisture  Content 

(Molineux  1955) 
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2.2.2  Measurement  of  Soil  Traff icabilitv 

Since  the  late  1940 's,  the  U.S.  Air  Force  has  sought 
after  unique  methods  to  rapidly  determine  the  trafficability 
of  aircraft  on  all  types  of  soils.  A  direct  means  of  soil 
trafficability  measurement  is  required  for  the  safe  landing 
of  military  aircraft.  Many  methods  have  been  used  by  the 
Air  Force  to  determine  insitu  soil  bearing  strengths.  The 
two  most  popular  have  been  the  Sub-grade  Modulus  method  and 
the  California  Bearing  Ratio  method.  However,  these  field 
testing  methods  reqpiire  an  extensive  amount  of  time  and 
equipment  and  are  thus  not  applicable  to  a  fast  pace  war¬ 
time  environment.  A  number  of  simpler  and  less  time 
consuming  methods  have  been  developed  and  tested  over  the 
last  40  to  50  years  as  discussed  in  the  next  section. 

2.3  Carrying  Capacity  of  Unsurfaced  Airfields 
2.3.1  Introduction 

In  the  early  1960*8,  the  U.S.  Army  conducted  tests  in 
an  effort  to  determine  the  factors  which  effect  the  carrying 
capacity  of  an  unsurfaced  airfield  (Turnbull  et  al.  1961). 
The  study  concluded  that  capacities  should  be  based  on  the 
n\imber  of  coverages  of  an  aircraft  to  failure.  Failure  was 
defined  as  1.5  Inches  of  elastic  deformation  and  4  inches  of 
plastic  deformation.  The  study  also  concluded  that  the 
subgrade  CBR  averaged  over  various  depths,  the  aircraft's 
equivalent  single  wheel  load  and  the  aircraft's  tire 
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pressure  were  the  factors  which  effect  the  number  of 
coverages  to  failure.  Correlations  were  then  developed  by 
using  weighted  carts,  with  specific  tire  pressures  and 
aircraft  loads,  building  low,  medium  and  high  CBR  test 
sections,  and  measuring  the  number  of  passes  to  failure. 
Figures  2 . 2  and  2 . 3  display  some  of  the  results  of  this 
landmark  study.  Figure  2.2  shows  that  an  aircraft  with  a 
tire  pressure  of  60  psi  and  a  30-klp  single  wheel  load  can 
operate  10  passes  on  an  unsurfaced  airfield  with  a  CBR  of 
6.6. 

Since  the  original  1961  study,  several  correlation 
studies  have  been  completed.  Moshe  Livneh  (Israeli 
Institute  of  Technology) ,  in  his  1989  draft  report  on 
"Carrying  Capacity  of  Unsurfaced  Runways  for  Low  Volume 
Aircraft  Traffic,"  compares  several  different  design  curves 
used  to  estimate  the  number  of  aircraft  passes  allowable  for 
a  C-130E  Hercules  aircraft.  Figure  2.4  is  a  collection  of 
design  curves  gathered  in  Livneh 's  research.  Llnveh  points 
out  that  the  selection  of  a  design  curve  is  very  critical  to 
the  outcome  of  the  design.  For  example,  in  Figure  2.4,  the 
selection  of  a  CBR  of  6  with  a  125  kip  load  reveals  the 
number  of  passes  to  be  1.5,  6,  or  90.  It  is  one  of  the 
goals  of  Livneh 's  research  to  verify  and  update  these 
designs  curves  so  as  to  possibly  close  the  gap  in  allowable 
aircraft  passes. 

The  following  sections,  2.3.2  and  2.3.3,  describe  in 
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Figure  2.2  Design  Curve  For  The  Single  Wheel  Carrying 
Capacity  of  Unsurfaced  Runways 
(Turnbull  et  al.  1961) 


Figure  2.3  Design  Curve  For  The  Dual  Wheel  Carrying 
Capacity  of  Unsurfaced  Runways 
(Turnbull  et  al.  1961) 
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Figure  2.4  Comparison  of  Design  Curves  For  The  Carrying 
Capacity  of  Unsurfaced  Runways  For  a  C-130E 
(Llvneh  and  Ishal  1989) 
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detail  the  two  most  popular  portable  insitu  test  methods 
used  by  the  U.S.  Air  Force  to  measure  the  bearing  strength 
of  unsurfaced  airfields.  They  are  the  Airfield  Cone 
Penetrometer  (ACP)  and  the  Dynamic  Cone  Penetrometer  (OCP) . 
The  measured  field  bearing  strength  is  then  correlated  with 
the  California  Bearing  Ratio  (CBR)  test  to  allow  the  CCT 
member  to  enter  the  design  nomograph  and  determine  a  number 
of  passes.  These  descriptions  will  include  background 
Information  on  each  Instrument  and  include  the  major 
advantages  and  disadvantages. 

2.3.2  Airfield  Cone  Penetrometer  fACP) 

The  Airfield  Cone  Penetrometer,  Figure  2.5,  was 
designed  to  measure  the  bearing  capacity  of  soils  which 
support  the  operations  of  aircraft  as  well  as  vehicles.  The 
ACP  provides  an  investigator  a  soil  index  called  the 
Airfield  Index  (AI) .  This  is  a  measure  of  the  bearing 
capacity  of  the  soil  tested  and  then  is  correlated  with  the 
California  Bearing  Ratio  (CBR) .  The  ACP  is  a  hand~probe 
type  instrument  and  consists  of  a  30  degree  right  circular 
cone  with  a  base  diameter  of  1/2  inch  and  48  inch  long,  3/8 
inch  diameter  rods.  A  housing  near  the  top  of  the  ACP 
contains  an  intertwined  tension  spring  and  a  load  indicator 
that  directly  reads  the  Airfield  Index  when  the  load  is 
applied.  The  penetration  rate  is  approximately  one  inch  per 
second  and  readings  are  taken  at  two  inch  increments. 
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Figure  2.5  Airfield  Cone  Penetrometer 
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Five  penetrations  at  each  location  in  an  "X**  configuration 
are  made  with  a  depth  of  penetration  of  at  least  24  inches. 
Figure  2.6  shows  correlations  of  AI  vs  CBR  for  various  soil 
types  (Fenwick  1965) .  The  long-dash  dark  line  in  this 
figure  represents  the  currently  used  relationship.  It 
applies  to  both  cohesive  and  granular  soils  and  has  the 
equation: 

log  CBR  -  -0.22  +  1.10  (log  AI  +  0.13)  (2.1) 

The  AGP  was  used  by  the  Air  Force  to  measure  bearing 
capacity  from  the  mid-1950s  to  the  mid-1980s.  However,  the 
device  had  a  number  of  limitations.  The  first  limitation 
relates  to  the  correlation  of  the  AI  and  CBR  values.  Livneh 
and  Ishal  (1989)  made  a  study  of  the  confidence  intervals  in 
these  correlations.  The  confidence  Interval  is  used  to 
determine  the  probability  that  the  stated  correlation  is 
within  a  certain  range  of  results.  If  a  normally 
distributed  population  is  assumed,  a  95%  confidence  Interval 
is  equal  to  ■»■/-  Log  2.7.  This  in  essence  means  for  a 
predicted  value  of  Y,  the  range  is  between  2.7 (Y)  and 
(Y)/2.7.  Therefore,  if  a  10  CBR  is  predicted  by  the  ACP, 
there  is  a  95%  probability  that  the  actual  CBR  value  is 
within  the  range  3  to  40.  Such  a  range  corresponds  to  a 
nxuBber  of  aircraft  passes  somewhere  between  zero  and  one 
thousand.  Obviously,  this  wide  margin  is  not  acceptable. 
Livneh  and  Ishai  (1989)  conclude  that  the  ACP  method  of 
estimating  field  CBR  values  was  liable  to 
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Figure  2.6  CBR  vs  Airfield  Index 
(Fenwick  1965) 
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significantly  mislead  when  used  to  determine  a  predicted 
coverage  value. 

A  second  limitation  of  the  ACP  was  in  the  accuracy  of 
the  values  on  the  nomographs  which  were  compiled  more  than 
40  years  ago  using  outdated  aircraft  tire  configurations. 

In  addition,  the  nomographs  do  not  take  into  account  the 
braking,  turning  and  thrust  stresses  that  are  applied  by 
modern  aircraft. 

A  third  limitation  concerns  the  CBR  range  of  the  ACP 
which  is  from  zero  to  15.  This  means  that  the  ACP  cannot 
cover  the  entire  range  of  normal  unsurfaced  airfield  values 
which  is  between  CBR  values  of  3  to  30.  This  last 
limitation  is  somewhat  the  culprit  in  the  1986  Operation 
Blast  Furnace  accident  where  it  was  found  that  the  ACP  could 
not  penetrate  through  a  stiff  layer  of  material  overlaying  a 
soft  clay.  Although,  there  were  other  reasons  for  the  punch 
through  of  the  landing  gear,  the  inability  of  the  ACP  to 
penetrate  a  stiff  layer  was  high  on  the  list  (Brown  1986) . 

In  an  effort  to  overcome  these  limitations,  the  U.S. 

Air  Force  switched  in  the  mid  1980 's  to  the  Dynamic  Cone 
Penetrometer  (DCP)  to  measure  carrying  capacity  of 
unsurfaced  airfields.  In  addition,  the  Technion-Israel 
Institute  of  Technology  Transportation  Research  Institute 
was  contracted  by  the  U.S.  Air  Force  to  improve  the 
technology  of  predicting  the  carrying  capacity  of 
contingency  and  forward  unsurfaced  runways  by  means  which 
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ensure  a  high  degree  of  reliability.  The  objectives 
included  (Livneh  and  Ishai  1989) 

(a)  development  of  an  improved  design  nomograph 
correlated  with  operational  landings  of  C-llOE  aircraft  and 
simulation  of  other  aircraft  using  large  scale  wheel-track 
testing  and  mobility  number; 

(b)  development  of  a  carrying  capacity  model  which 
includes  effects  of  remolding  characteristics  of  soil, 
braking,  reverse  thrust  and  turning  operations;  and 

(c)  application  of  Dynamic  Cone  Penetrometer  (DCP) 
technology  to  accurately  determine  soil  strength  in  the 
field. 

2.3.3  Dynamic  Cone  Penetrometer  fPCP) 

2.3.3. 1  Introduction 

In  the  last  seven  years,  the  U.S.  Air  Force  has  adopted 
the  Dynamic  Cone  Penetrometer  as  the  preferred  light-weight 
bearing  capacity  testing  devise.  In  general,  the  advantages 
of  the  DCP  are  its  cheapness,  simplicity  and  capability  of 
providing  rapid  measurement  of  insitu  strength  of  subgrades 
in  a  non-destructible  manner  (Harison  1989) .  The  original 
DCP  developed  by  Scala  in  1956  was  used  to  evaluate  the 
insitu  CBR  of  cohesive  soils  (Scala  1956) .  Today,  the  DCP 
has  become  a  part  of  a  much  larger  family  of  dynamic  cones 
which  are  used  to  estimate  properties  of  soils  and  in  the 
design  of  both  shallow  and  pile  foundations  (Melzer  and 
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Smoltczyk  1982) .  Penetrometers  used  for  continuous  dynamic 
testing  were  divided  into  four  basic  categories  depending  on 
the  size  of  the  hammer  dropped.  Table  2.1  shows  the 
arbitrary  classifications  of  the  four  categories.  The  DCP 
used  by  the  Air  Force  falls  into  the  "DPL**  or  light  category 
since  it  has  an  8  kg  hammer. 

2. 3. 3. 2  DCP  Description 

The  DCP,  adopted  by  the  U.S.  Air  Force,  consists  of  a 
16  mm  diameter  steel  rod  with  a  cone  at  one  end  driven  by  an 
attached  falling  weight  at  the  other  end.  Figure  2.7.  The 
angle  of  the  cone  is  60  degrees  and  the  base  diameter  is  20 
mm.  The  additional  4  mm  on  the  cone  was  designed  to  prevent 
resistance  to  penetration  along  the  16  mm  steel  rod.  The 
DCP  uses  a  sliding  8  kg  hammer  falling  575  mm  to  drive  the 
cone  to  a  depth  of  up  to  1  meter.  Two  people  are  required 
to  operate  the  DCP.  One  person  lifts  and  drops  the  weight 
while  the  other  measures  the  depth  of  penetration.  During 
the  test,  a  plot  of  the  number  of  blows  versus  depth  is 
recorded.  Figure  2.8.  The  number  of  Inches  per  blow  is 
defined  as  the  DCP  value.  This  value  is  then  also  used  to 
correlate  the  DCP  test  to  the  CBR  test. 

2. 3.3. 3  Correlation  of  CBR  and  DCP 

In  Section  2.3.1,  a  discussion  was  presented  concerning 
the  variables  which  effect  the  carrying  capacity  of  an 
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Table  2.1  Classification  of  Continuous  Dynamic  Cone 
Penetrometers  (Melzer  and  Smoltczyk  1982) 


TYPE 

ABBREVIATION 

MASS  (KO) 

LIGHT 

DPL 

<  10 

MEDIUM 

DPM 

10  -  40 

HEAVY 

DPH 

40  -  60 

SUPER  HEAVY 

DPSH 

>  60 
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>^HANDLE 


HAMMER 


(NB.  HAMMER  MASS  -  8  kg.) 


TVO  PARTS  SCREW  TOGETHER 


-'MEASURIHG  TAPE 

16  RM 


TEMPERED  CONE 


Figure  2.7  Dynamic  Cone  Penetrometer 


PENETRATION  DEPTH 
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Figure  2.8 


Blows  vs  Penetration 
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unsurfaced  runway.  One  of  those  factors  was  the  bearing 
capacity  of  the  airfield  as  measured  by  the  California 
Bearing  Ratio  (CBR)  test.  This  test,  developed  by  the 
California  Division  of  Highways  and  later  adopted  by  the 
U.S.  Corps  of  Engineers,  was  the  most  widely  known  strength 
test  used  in  the  1950 's.  The  test  involves  using  a  standard 
piston  to  penetrate  a  specimen  inside  a  mold  in  the 
laboratory  after  soaking  i  days.  The  load  at  0.1  or  0.2 
inches  of  penetration  is  compared  to  the  load  required  to 
penetrate  a  standard  specimen  at  the  same  depth.  This  ratio 
is  known  as  the  California  Bearing  ratio.  Later  this  test 
was  adapted  into  a  corresponding  field  test.  The  same 
piston  dimensions  were  used  and  insitu  bearing  measured  at 
different  depths.  However,  In  the  field,  reaction  frames 
were  required  for  the  piston  to  push  against.  Often  the 
mass  of  a  large  truck  was  used  for  this  reaction.  Because 
of  the  unique  combat  control  mission  where  timing, 
secretiveness  and  mobility  were  paramount,  large  reaction 
frames  could  not  be  used.  Therefore,  Airfield  Cone 
Penetrometers  and  Dynamic  Cone  Penetrometers  were  used  to 
measure  a  type  of  bearing  capacity  as  discussed  In  the 
previous  sections.  A  correlation  is  required  to  bridge  the 
gap  between  the  known  bearing  capacity  in  terms  of  the  DCP 
and  the  unknown  bearing  capacity  in  terms  of  the  CBR.  CBR- 
DCP  relationships  have  been  studied  for  the  past  four 
decades.  Table  2.2  shows  several  of  the  relationships  in 
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Tabl«  2.2  International  Comparison  of  the  Equation 

Log  CBR  -  A  -  B(Log  DCP)*^  (Livneh  and  Ishai  1989) 
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use  today.  In  general,  they  have  the  form 

Log  CBR  «  A  -  B(Log  DCP)*^  (2.2) 

where 

CBR  ■  California  Bearing  Ratio  (in  percent) 

DCP  ■  DCP  index  value 
A  «  constant 
B  ■  constant 
C  *  exponent 

Some  of  the  more  generally  accepted  relationships  are 
listed  in  Table  2.3  along  with  the  type  of  testing 
procedure.  Figure  2.9  shows  several  of  those  CBR-DCP 
correlations  in  a  graphical  format. 

The  laboratory-based  research  involves  the  preparation 
of  two  Identical  saraplts  with  the  same  water  content, 
compactlve  effort,  and  mold  size.  The  samples  are  subjected 
to  a  circular  steel  surcharge  weight  with  a  hole  in  the 
center.  This  allows  for  penetration  of  the  piston  in  the 
CBR  test  and  the  cone  tip  in  the  DCP  test.  Nc;.‘mal 
procedures  are  used  to  run  the  CBR  and  DCP  tests.  Harison 
(1986)  found  that  soaking  the  samples  had  an  insignificant 
effect  on  the  CBR-DCP  relationship,  changing  the  moisture 
content  and  dry  density  also  did  not  affect  the  relationship 
and  that  a  Log-Log  representation  was  more  suitable  than  an 
inverse  model. 

Laboratory  testing  has  been  an  accepted  means  of 
determining  CBR-DCP  relationships.  However,  there  are 
problems  with  the  testing  procedure.  It  has  been  observed 
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Klayn  (1975) 

Laboratory  Tasting 
Log  CBR  -  2.62  -  1.27(Log  OCP) 


Smith  and  Pratt  (1983) 
Fiald  Tasting 

Log  CBR  -  2.56  -  1.15(Log  DCP) 


Livnah  (1987) 

Laboratory  Tasting 
Log  CBR  -  2.20  -  0.71(Log  DCP)*1.5 


Harison  (1989) 
Laboratory  Tasting 
Log  CBR  -  2.55  -  1.14(Log  DCP) 


Habstar  at  al.  (1992) 
Piald  Tasting 

Log  CBR  -  2.46  >  1.12 (Log  DCP) 
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Figure  2.9  Log  Plot  of  CBR-DCP  Relationship 
(Webster  et  al.  1992) 
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that  laboratory-based  CBR  tests  of  granular  materials  give 
higher  CBR  results  than  tests  carried  out  in  the  field 
(Livneh  and  Greenstein  1978) .  This  variation  is  due  to  the 
geometry  of  the  testing  mold  and  the  specimen  preparation 
procedures.  Figure  2.10  shows  the  assumed  failure  mechanism 
of  the  plunger  in  the  laboratory  and  the  field.  In  the 
laboratory,  the  failure  plane  is  obstructed  by  the  sides  of 
the  mold  which  increases  the  net  resistance  to  the  plunger. 
In  addition,  lateral  precompression  of  the  specimen  during 
the  compaction  procedures  contributes  to  the  Increase  in  CBR 
results.  Figure  2.11  demonstrates  the  effect  of  an 
increase  in  mold  diameter  and  the  reductions  in  CBR  value 
(Metcalf  1976) . 

Based  on  these  results,  some  design  agencies,  including 
the  Corps  of  Engineers,  have  Introduced  other  procedures  for 
estimating  CBR  design  values.  The  Corps  of  Engineers 
relates  plasticity  and  gradation  to  the  granular  base  CBR 
values.  Livneh  and  Greenstein  (1978)  suggest  using  a 
theoretical  derivation  based  on  a  modified  CBR  test  which 
controls  lateral  pressure.  A  third  method  is  to  simply 
meafure  the  field  CBR  values  using  either  the  DCP  and  its 
correlation  to  the  CBR  or  using  the  field  CBR  test  procedure 
which  is  considered  to  be  destructive  and  very  time 
consuming . 

The  field  CBR  test  equipment  consists  of  some  ]cind  of  a 
reaction  platform,  generally  a  2  1/2  ton  truck,  a  jack. 
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Flgurs  2.10  Assiuned  Failure  Plane  Below  Plunger 
(a)  Rigid  Mold  (b)  Field  Site 
(Livneh  and  Greenstein  1979) 

Copyright  ASTM  -  Reprinted  with  permission 
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plasticity  index,  % 


Figure  2.11  Effect  of  Mold  Size  on  CBR  (Metcalf  1976) 
Copyright  ASTM  -  Reprinted  with  permission 
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proving  ring,  penetration  piston,  dial  gages,  surcharge 
weights  and  deflection  beam.  Figure  2.12  shows  the 
apparatus  assembled.  Using  a  stop  watch  and  dial  gages,  the 
piston  is  jacked  into  the  soil  at  0.05  Inches  per  minute. 
Proving  ring  readings  are  taken  at  0.025  inch  Increments  to 
a  final  penetration  of  0.5  inches. 

Tests  correlating  insitu  CBR  and  DCP  have  been 
conducted  by  Smith  and  Pratt  in  1983.  Their  relationship  is 
expressed  as: 

Log  CBR  «  2.56  -  1.15  (Log  DCP)  (2.3) 

and  is  extremely  close  to  Harison's  (1989)  laboratory  CBR- 
DCP  relationship  which  was  modified  to  Include  the  confining 
effect: 

Log  CBR  -  2.55  •  1.14  (Log  DCP)  (2.4) 

This  suggests  a  greater  level  of  confidence  between  the 
field  and  laboratory  correlations  of  the  CBR-DCP 
relationships  than  previously  thought. 

A  major  advantage  of  using  the  DCP  over  the  field  CBR 
is  the  decrease  in  amount  of  time  it  takes  to  run  a  DCP  test 
versus  a  CBR  test.  However,  if  the  reliability  of  the  DCP 
is  not  as  good  or  better  than  the  CBR  field  test,  then  the 
adoption  of  this  test  to  evaluate  unsurfaced  airfields  is 
questionable.  Two  papers.  Smith  and  Pratt  (1983)  and 


Figure  2.12  Field  CBR  Equipment  Assembled 
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Llvneh  and  Ishai  (1989),  have  tested  '’he  degree  of 
repeatability  of  the  DCP  and  both  have  concluded  that  the 
DCP  is  more  repeatable  than  the  field  CBR  test.  The 
measurement  used  to  compare  the  test's  repeatability  is  the 
coefficient  of  variation  (CV) ,  the  ratio  of  standard 
deviation  to  mean. 

Smith  and  Pratt  (1983)  concluded  that  the  coefficient 
of  variation  of  field  CBR  for  a  material  was  around  60 
percent  while  that  of  the  laboratory  DCP  was  around  40 
percent.  Llvneh  and  Ishai  (1989)  reported  lower  values  as 
shown  in  Table  2.4.  The  maximum  coefficient  of  variation 
obtained  for  the  field  DCP  was  23  percent  while  the  maximum 
for  the  CBR  test  was  32  percent. 

This  section  has  presented  a  number  of  empirical  CBR- 
DCP  correlations.  In  the  following  section  (2. 3. 3. 4)  a 
discussion  is  presented  on  mathematical  models  used  to 
describe  the  penetration  of  a  DCP. 

2. 3. 3. 4  Dynamic  Cone  Penetrometer  Mathematical  Models 

The  accepted  model  used  to  represent  the  CBR-DCP 
relationship  is  the  log-log  model.  It  can  be  derived  from 
the  rational  pile  formula  discussed  by  J.E.  Bowles  (Bowles 
1988) .  This  formula  is  the  basis  for  nearly  all  the  pile- 
driving  formulas  used  today  and  is  centered  around  the 
principles  of  impulse-momentum.  Impulse  is  a  measure  of  a 
force  during  the  time  the  force  acts  and  is  expressed  as: 
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Table  2.4  Variance  Coefficient  Values  In  CBR  and  DCP  Tests 
(Llvneh  and  Ishai  1989) 


1  Test 

SITE  4 

SITE  1 

SITE  8 

SITE  C  1 

TYPE  O] 

r  TEST:  SAMPLE  SURFACE  OR  FZRS^ 

t  DEPTH 

CBR 

0.10 

0.32 

0.30 

— 

DCP  LAB 

0.16 

0.12 

0.21 

0.14 

DCP 

FIELD 

0.12 

0.07 

0.23 

0.13 

TYPE  01 

r  TEST:  SAMPLE  BOTTOM 

1  OR  SECOMI 

>  DEPTH 

CBR 

0.15 

0.37 

0.32 

0.14  1 

DCP  LAB 

0.14 

0.15 

0.21 

0.14  1 

DCP 

FIELD 

0.09 

0.07 

0.17 

0.05  1 
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I’jFdC  (2.5) 

whcr* 

I  «  Impuls* 

F  ■  force 
t  *■  time 

Momentum  Is  the  product  of  mass  and  velocity  and  is 
expressed  as: 


L  *  mv 


(2.6) 


where 

L  -  momentum  v  ■  velocity 

m  «  mass 

The  principle  of  linear  impulse  and  momentum  is  defined  as 
the  initial  momentum  plus  the  impulse  equals  tk^e  final 
momentum  and  is  expressed  as: 

*  Impulse  * 
m(v^)  +  jwdt  -  m(Vf) 


Based  on  these  relationships,  the  point  resistance  of  the 
DCP  is  related  to  the  depth  of  penetration  by  the  following 
expresslor?  ^Harison  1986) : 
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[(VJ  X  (if)]  [  (VJ +(e*XlV2)  ]  (2.8) 

D  ^  (Pfi  +  Vj) 


wh«r« 

R  *  point  resistance 

W,  «  weight  of  hammer 

W]  *  weight  of  instruments 

H  -  height  of  hammer  fall 

0  -  penetration  depth 

e  "  coefficient  of  restitution 

Note:  Only  impact  losses  are  included  in  Equation  2.8  for 
simplicity;  other  losses  might  Include:  rod  loss  and  soil 

loss. 

A  closer  inspection  of  the  pile  driving  equation  and  some 
separation  of  terms  reveals  the  wor)c>energy  theorem: 

(Energy  In)  «  (Work  Out)  +  (Impact  Losses) 

{W^x  H)  •  {RxD)  *  [W^  X  (2.9) 

The  point  resistance  value,  R,  is  a  measure  of  the  strength 
of  the  material  tested.  Therefore,  it  is  assumed  that  R  is 
a  function  of  other  strength  parameters  such  as  CBR  and 
therefore  the  following  equation  can  be  written: 


CBR  -  A  X  (D)-l  (2.10) 

where 

A  «  a  constant 

However,  because  the  impulse-momentum  equation  includes 
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losses  such  as  impact,  the  equation  might  be  re-arranged  as 
CBR  -  A  X  (D)-B  or  (2.11) 

Log  CBR  -  Log  A  -  B  x  Log(D)  (2.12) 

Ecpiation  2.12  is  now  in  the  commonly  used  form  to  express 
the  CBR-DCP  relationship.  Equation  2.10  is  called  the 
Inverse  model  and  has  been  used  by  Smith  and  Pratt  (1983)  to 
express  CBR-DCP  relationships.  However,  Equation  2.10  is 
not  commonly  used. 

One  of  the  alms  of  Livneh  and  Ishal's  (1989)  research 
was  to  search  the  literature  for  a  theoretical  derivation 
which  would  relate  the  DCP  values  with  the  basic  soil 
strength  properties  of  cohesion  and  angle  of  internal 
friction.  The  theoretical  derivation  is  used  to  verify  the 
empirical  correlation  between  the  CBR  and  DCP. 

The  DCP  test  consists  of  dropping  a  17.6  lb  weight  22.6 
inches  onto  an  anvil.  The  anvil  is  connected  to  a  39  inch 
vertical  rod  and  cone  assembly  that  penetrates  the 
unsurfaced  airfield.  The  fundamentals  of  dynamics  show  that 
the  maximum  amount  of  dynamic  energy  from  one  blow  of  the 
DCP  is: 

dE  -  W  X  h  (2.13) 

where 

dE  «  dynamic  energy 
W  «  weight  of  hammer 
h  «  hammer  drop  height 
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Du«  to  friction,  heat  and  other  energy  losses,  the  entire 
potential  energy  does  not  reach  the  DCP  cone  tip. 

Therefore,  Llvneh  et  al.  (1990)  describe  the  DCP's  apparent 
energy  transfer  efficiency  factor  (n)  as: 

n  -  dEl  /  dE  (2.14) 

where 


dEl  «  quasi-static  energy  for  one  blow 
n  *  apparent  energy  transfer  efficiency  factor 
In  other  words,  n  is  a  measure  of  how  well  the  DCP  transfers 
energy  to  the  cone  tip.  Llvneh  et  al.  (1990)  conclude  that 
the  n  value  for  the  DCP  test  is  between  0.40  and  0.50  based 
upon  several  correlation  investigations.  The  total  quasi¬ 
static  energy  (Ei)  is  given  by: 

E,-WxhxNxn  (2.15) 


where. 


N  >  total  number  of  blows 
Using  Schmertmann '  s  paper  on  "Statics  of  the  SPT" 
(Schmertmann  1979) ,  Llvneh  wrote  the  basic  equilibrium 
ecpiation  for  the  DCP  as 

WxHxNxn-LxF  (2.16) 

where 

L  -  depth  of  DCP  penetration 

F  "  quasi-static  force  required  to  cause 
dynamic  penetration 


Since  the  DCP  value  is  defined  by 
DCP  -  L  /  N 


(2.17) 
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Llvneh  presents  the  following  correlation: 

DCP  -  (W  X  h  X  n)  /  F  (2.18) 

-  (17.6  X  22.6  X  0.45)  /  F 

-  179  /  F 

where 

DCP  is  given  in  in/blow 

F  is  given  in  lbs 

It  can  be  seen  that  the  force  F  is  the  key  to  determining 
the  relationship  between  the  DCP  and  the  cohesion  and  angle 
of  Internal  friction  of  the  soil.  Theoretical  derivations 
based  on  either  cavity  expansion  theory  or  on  plastic 
failure  theory  are  used. 

Rohani  and  Baladl  (1981)  present  a  failure  model  for 
the  relationship  between  Cone  Index  (Cl)  and  the  material's 
strength  characteristics.  It  is  based  on  cavity  expansion 
(Vesic  1972)  in  an  infinite  soil  mass  and  on  the  empirical 
assxunptlon  that  the  cone  penetrometer  shears  the  surrounding 
soil  during  its  penetration  process.  The  theory  combines 
the  shear  strength  expression,  the  Internal  pressure  of  an 
expanding  spherical  cavity  in  an  unbounded  elastic-plastic 
medivim,  and  the  geometry  of  a  penetrating  cone  to  derive  an 
expression  for  Cl  for  granular  and  cohesive  materials.  A 
comparison  of  calculated  and  the  measured  Cl  values  shows  a 
remarkably  good  correlation.  Figures  2.13,  2.14  and  2.15. 

A  second  failure  model,  using  the  plastic  failure 
mechanism  to  determine  the  quasi-static  force  required  to 
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ICASURED  CONE  INDEX,  PSl 


Figurs  2.13  Comparison  of  Prsdicted  and  Measured  Cone 

Index  for  Clay  Using  Cavity  Expansion  Theory 
(Rohani  and  Baladi  1981) 
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Figurtt  2.14  Comparison  of  Predicted  and  Measured  Cone 

Index  for  Mixed  Soil  Using  Cavity  Expansion 
Theory  (Rohani  and  Baladl  1981) 
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CONE  XNOa*  PS2 


Figure  2 . 15  Conparlson  of  Predicted  and  Measured  Cone 
Index  for  Yuma  Sand  Using  Cavity  Expansion 
Theory  (Rohani  and  Baladi  1981) 
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penstrate  a  DCP  cone,  was  Introduced  by  Durgunoglu  and 
Mitchell  (1974).  They  used  Meyeroff's  "Ultimate  Bearing 
Capacity  of  Wedge-Shaped  Foundations"  (Meyerhof  1961) 
research.  The  failure  stirface,  shown  in  Figure  2.16, 
closely  represented  the  failure  planes  observed  using  wedge 
shaped  penetrometers  at  shallow  depths.  Using  the  observed 
failure  mechanism  and  equilibrium  analysis  of  the  failure 
zones,  a  penetration  resistance  equation  can  be  written: 
qf  -  Cc(N.)(eJl  +  CB,(N^)(€^)]  (2.19) 

where 

qf  >  ultimate  unit  tip  resistance 
c  ■  unit  cohesion 

7  •  mass  density 

B  <■  penetrometer  diameter 

N,  and  "  penetration  resistance  factors 

e,  and  ■  shape  factor 

Figure  2.17  shows  fairly  good  agreement  of  friction  angles 
predicted  using  penetration  resistance  factors  versus 
measured  values. 


2. 3. 3. 5  Force  Analysis  of  the  Dynamic  Cone  Penetrometer 
A  method  to  generate  the  force  history  of  the  DCP 
instrument  was  demonstrated  by  Chua  and  Lytton  (1989).  A 
100,000  G  accelerometer  was  screw-mounted  to  the  top  of  the 
DCP  handle.  Figure  2.18,  and  the  acceleration-time  history 
was  recorded  for  each  blow.  The  recording  was  triggered 
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Figure  2.16  Failure  Surface  Observed  with  Wedg'' 
Penetration  (Durgunoglu  and  Mitch> 
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PREDICTED,#  -deg 


Figure  2.17  Comparison  of  Measured  vs  Predicted  Friction 
Angle  Using  Plastic  Failure  Model 
(Durgunoglu  and  Mitchell  1974) 
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ACCELEROMETER 
m 

HANDLE 

HAMMER  (17.S  Ibt./S  kg) 


I 


M 

M 


UPPER  SPRING  CLIP 
0.63*/16mm4STEEL  ROD 


t 


MEASURING  ROD  WITH 
ADJUSTABLE  SCALE 

-LOWER  SPRING  CLIP 
- CONE 


Figure  2.18  Dynamic  Cone  Penetrometer  With  Accelerometer 
Mounted  To  The  Handle  (Chua  and  Lytton  1989) 
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by  the  impact  of  the  hammer.  By  integrating  the 
acceleration-time  signal,  the  velocity-time  and 
displacement-time  histories  were  generated.  Figure  2.19 
shows  these  signals  of  a  test  performed  in  a  granular  base 
course  material.  Using  a  computer  program  that  models 
dynamic  response  under  load,  the  force  history  of  the 
sliding  hammer  onto  the  anvil  were  generated.  Figure  2.20 
shows  triangular  shaped  force  impulses  estimated  by  matching 
measured  and  calculated  acceleration  signals. 

2. 3. 3. 6  Stress  Wave  Propagation 

When  a  rod  is  suddenly  struck  by  a  force,  F,  at  one  end 
at  time,  t,  then  at  the  first  instant  of  time,  all  of  its 
particles  are  still  at  rest.  A  very  short  time  later,  dt,  a 
section  of  the  rod,  dL,  is  compressed  an  amount,  dd.  A  wave 
speed  or  wave  propagation  velocity,  can  be  defined  as 

c  -  dL/dt  (2.20) 

The  wave  speed  is  the  speed  with  which  a  compression  or 
tension  zone  moves  along  a  rod.  The  deformation  of  a  point, 
dd,  can  also  be  written  as 

dd  -  (F)  (dL)/(A)  (E)  (2.21) 

where 

A  -  area  of  rod 
E  «  elastic  modulus 

The  change  in  particle  velocity  of  this  point  is 


dv  -  dd/dt 


(2.22) 


Figure  2.19  Acceleration,  Velocity,  and  Displacement  Time 
Histories  of  DCP  in  Medium  Stiff  Granular  Base 
Course  Material  (Chua  and  Lytton  1989) 


Figure  2.20  Calculated  Force-Time  History  of  the  DCP  In 
Granular  Base  Course  Material 
(Chua  and  Lytton  1989) 
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dv  -  (F)(dL)/(A)(E)(dt) 
dv  -  (F)(c)/(E)(A) 

The  particle  speed  is  the  speed  with  which  a  particle  in  a 
rod  Boves  as  a  wave  passes.  The  acceleration  of  this  point 

is 


a  »  dv/dt 

(2.23) 

a  -  (F)(c)/(E)(A)(dt) 

From  Newton's  Second  Law  and  the  definition 

of  mass,  m, 

F  -  (m)  (a) 

(2.24) 

m  -  (dL) (A) (p) 

(2.25) 

where 

p  «  mass  density 

then 

F  -  (dL)  (A)  (p)  [  (F)  (c)  /  (E)  (A)  (dt)  ] 

or  by  canceling  out  F  and  A 

-/I 

(2.26) 

The  wave  speed  is  a  function  of  the  material 

properties  of 

the  rod  in  which  it  travels. 

The  stress  in  the  penetration  rod  is 

a  -  F/A 

(2.27) 

ff  -  Ee 

(2.28) 

where 

€  «  dd/dL  (strain) 

Consequently,  the  stress  in  the  penetration  rod  is 


a  -  (E)  (dd/dl) 


(2.29) 
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Using  Equation  2.20  and  re-arranging  for  velocity,  v,  the 
stress  is 


a  -  [E][dd/(c)(dt)] 

-  C(E)(v)]/[c] 

Multiplying  the  stress  by  area  of  the  rod,  A, 

F  = 

(c) 


(2.30) 


(2.31) 


The  tern  EA/c  is  called  impedance,  I,  and  is  calculated 
using  Young's  modulus,  the  cross  sectional  area  of  the  rod, 
and  the  wave  speed  from  Equation  2.26.  This  term  implies 
that  the  rod  offers  a  resistance  or  impedes  the  change  in 
velocity.  Equation  2.31  suggests  that  if  the  particle 
velocity  of  the  penetration  rod  can  be  measured,  then  the 
force  in  the  rod  can  be  determined.  An  accelerometer  is 
used  for  this  purpose. 

An  accelerometer,  mounted  to  the  penetration  rod,  and 
an  oscilliscope  are  used  to  measure,  record,  and  integrate 
an  acceleration-time  signal.  The  Integration  of  the  signal 
reveals  a  velocity-time  plot  which  can  be  then  used  to  plot 
a  force-time  graph  of  the  penetration  rod.  This  plot  would 
be  similar  to  Figure  2.20. 


2. 3. 3. 7  Other  Dynamic  Cone  Penetrometers 

During  the  literature  search,  two  unique  DCP 
penetrometers  were  discovered.  They  are  the  Dual  Mass  DCP 
and  the  Automated  Dynamic  Cone  Penetrometer. 
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The  Dual  Mass  DCP,  invented  by  Webster  et  al.  (1992), 
consists  of  the  same  basic  dimensions  as  the  standard  DCP 
except  that  the  mass  can  be  either  17.6  lbs  or  10.1  lbs. 

The  mass  is  converted  from  17.6  to  10.1  by  removing  an  outer 
steel  sleeve  attached  by  a  set  screw.  Webster  reports  that 
the  cone  penetration  of  one  17.6  lb  blow  of  the  hammer  is 
about  twice  that  of  the  10.1  lb  blow.  The  purpose  of  the 
dual  hammer  weight  is  that  the  17.6  lb  hammer  is  best  suited 
for  stiff  materials  whereas  the  10.1  lb  hammer  was  found 
more  suitable  and  yields  better  results  in  soils  of  CBR  less 
than  ten.  The  testing  procedure  is  also  the  same  as  the 
standard  DCP  except  that  the  DCP  index  derived  from  the  10.1 
lb  hammer  is  multiplied  by  two  to  equal  the  standard  DCP 
index.  In  addition,  a  specially  designed  disposable  cone 
was  designed  to  reduce  the  effort  in  removing  the  DCP  from 
the  ground.  The  cone  remains  in  the  ground  after  testing 
and  is  replaced  before  each  successive  test.  Webster 
concludes  that  this  disposable  cone  can  double  the  number  of 
DCP  tests  per  day. 

The  Automated  DCP,  invented  by  Llvneh  et  al.  (1992), 
consists  of  a  mobile  air  compressor,  a  falling  weight 
mechanism,  a  lifting  and  release  mechanism  and  a  penetration 
rod.  Basically,  the  system  uses  compressed  air  to  raise  the 
8  kg  mass  to  the  desired  height  and  adjustable  brackets  to 
release  the  mass  onto  the  penetration  rod.  Livneh  reports 
that  the  automatic  DCP  device  provides  very  similar  results 
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to  those  produced  by  the  manual  DCP.  He  concludes  that  the 
automated  DCP  device  Is  fully  recommended  as  an  efficient 
substitute  for  the  manual  device,  from  the  point  of  view  of 
both  precision  and  technical  testing.  Llvneh  also  reported 
that  statistical  analysis  demonstrated  that  automated 
Dynamic  Cone  Penetrometer  results  were  Independent  of  the 
blow-rate  In  the  range  of  24  to  40  blows  per  minute.  Forty 
blows  per  minute  was  the  fastest  practical  rate  tested. 

2.3.4  Aerial  Penetrometers 

Because  of  the  Inaccessibility  of  some  landing  sites, 
due  to  hostile  enemy,  rough  terrain,  or  Insltu  time  testing 
restraints,  aerial  penetrometers  have  been  developed  to 
measure  bearing  capacity.  Since  the  early  1940s,  the 
Department  of  Defense  has  investigated  projectile  devices 
launched  from  the  air  to  improve  the  penetration  of  bombs. 
One  of  the  earliest  Investigations  studied  the  penetration 
of  a  cannon  ball  Into  earth  revetments.  Using  projectile 
bombing  technology,  the  Air  Force  Cambridge  Research  Center 
developed  an  aerial  penetrometer  to  measure  bearing  capacity 
In  remote  sites.  The  penetrometer  shown  In  Figure  2.21  was 
an  aluminum  cylinder  two  feet  long,  one  and  one  half  inches 
In  diameter  and  weighed  two  pounds.  It  was  dropped  by  hand 
over  the  site.  Each  penetrometer  was  rated  at  a  certain 
capacity  calibrated  with  known  cone  Index  standards.  Either 
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springs,  for  low  ratings,  or  shear  pins,  for  high  ratings, 
were  activated  by  the  impact  of  the  ground.  A  shot-gun  type 
cartridge  was  triggered  if  the  rating  of  the  site  was  as 
strong  or  stronger  than  the  rating  of  the  penetrometer,  and 
a  flare  would  be  fired  about  200  feet  into  the  air  from  the 
penetrometer.  When  used  in  a  water  environment,  such  as  a 
beach  head,  a  dye  would  replace  the  flare.  If  a  pilot  were 
to  fly  over  a  site  dropping  these  projectiles,  he  would  look 
for  the  flares  to  fire  in  a  consistent  manner  and  would  know 
if  the  site  was  acceptable  for  his  aircraft.  In  later 
versions  of  this  type  of  aerial  penetrometer,  three 
different  color  flares  were  used,  indicating  different  cone 
indices.  In  some  versions,  a  radio  telemetered  indicator 
was  placed  inside  the  penetrometer  and  radio  signals  would 
be  transmitted  back  to  the  pilot  with  test  results.  The 
transmitter  was  capable  of  transmitting  up  to  four  miles 
away  for  30  minutes  at  a  time. 

In  the  1960s,  when  technology  allowed  the  projectile  to 
be  instrumented,  a  projectile  was  designed  to  actually 
penetrate  the  ground,  with  little  deviation  in  the  line  of 
flight  and  with  Instrumentations  on  board  such  as  an 
accelerometer  to  measure  decelerations.  The  Sandia 
Corporation  was  a  major  research  group  that  contributed 
heavily  to  the  large  scale  earth  penetrometer  research. 

The  Sandia  program  used  projectiles  from  1  to  18  inches 
in  diameter  that  were  dropped  in  free  fall  from  helicopters. 
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The  projectile  would  penetrate  up  to  300  feet  in  soil.  It 
was  found  in  their  research  that  "for  a  given  projectile 
impacting  vertically  at  a  given  velocity,  the  deceleration 
and  depth  depend  on  the  properties  of  the  soil  and  rock 
media  being  penetrated"  (Caudle  et  al.  1977) .  It  was  then 
surmised  that  if  decelerations,  depth  and  impact  velocities 
were  known  for  a  given  projectile,  then  the  properties  of 
the  earth  penetrated  could  be  determined. 

Though  the  aerial  penetrometer  technology  seemed 
promising,  several  limitations  prevented  the  program  from 
making  a  large  impact  in  the  field.  The  first  limitation 
was  the  erroneous  data  provided  to  the  pilot  if  the 
projectile  were  to  strike  a  stone,  clump  of  moss,  animal 
hole  or  any  number  of  other  obstacles.  Secondly,  the  number 
of  penetrometer  required  to  accurately  measure  the  bearing 
capacity  of  an  airfield  was  estimated  to  reach  up  in  the 
hundreds  if  the  site  was  a  non-homogeneous  soil  with  an  area 
of  150  ft  X  1800  ft  (Molineux  1955) .  Finally,  if  the  area 
Investigated  prevented  full  penetration  of  the  projectile, 
the  area  would  have  to  first  cleared  of  projectiles  before 
any  landing  operations  could  be  made. 

2.4  Seismic  Surveying 
2.4.1  Introduction 

In  the  United  states  Air  Force,  Combat  Controllers  are 
used  to  evaluate  unsurfaced  airfields  for  possible  use  as  a 
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landing  zone.  Today,  the  evaluation  is  accomplished  by  the 
Dynamic  Cone  Penetrometer  test  method.  Since  this  method, 
described  earlier,  can  effectively  test  only  one  location  at 
a  time,  it  is  proposed  in  this  research  to  use  insitu 
seismic  methods  to  complement  the  evaluation.  Today's 
seismic  methods  include  the  crosshole,  downhole,  surface 
refraction,  and  reflection  methods  and  spectral  analysis  of 
surface  waves.  Of  these  methods,  spectral  analysis  of 
surface  waves  had  the  potential  of  being  the  most  promising 
method  of  evaluation.  It  precluded  the  use  of  destructive 
and  time  consuming  boreholes  and  provided  a  means  of 
evaluation  where  a  stiff  material  overlaid  a  soft  material. 
The  Spectral  Analysis  of  Surface  Waves  (SASW)  method  of 
Insitu  soil  investigation  is  a  seismic  test  which  places 
both  the  source  and  receivers  on  the  ground  surface.  Two 
receivers  placed  at  varying  spaclngs  use  waves  generated  by 
a  vertical  Impact  load  to  measure  surface  wave  properties 
between  the  receivers.  An  inversion  program  is  used  to 
estimate  the  shear  wave  velocity  and  shear  modulus  profiles. 
These  profiles  can  be  used  by  the  combat  controller  to 
compare  results  at  different  stations  down  the  unsurfaced 
airfield. 

2.4.2  Surface  Wave  Propagation 

A  surface  wave  created  by  a  vertical  impact  propagates 
through  a  layered  soil  in  a  dispersive  manner.  The  velocity 
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of  the  wave  is  dependent  on  the  wavelength  (or  frequency)  of 
the  wave.  The  variation  of  velocity  with  frequency  is 
called  dispersion  and  occurs  because  waves  of  different 
wavelengths  sample  different  layer  depths.  Low  frequency 
waves  propagate  with  longer  wavelengths  and  therefore  sample 
deeper  layers.  High  frequency  waves  propagate  with  shorter 
wavelengths  in  the  near  surface  layers.  As  the  wavelength 
Increases,  particle  motion  is  found  in  the  deeper  layers,  as 
shown  in  Figure  2.22.  The  velocity  of  the  wave  is 
Influenced  by  the  properties  of  the  layer  in  which  the 
particle  motion  occurred.  In  Figure  2.22(c),  the  properties 
of  the  surface  layer,  the  base  and  some  of  the  subgrade 
effect  the  velocity  of  that  wave.  In  Figure  2.22(b), 
particle  motion  is  limited  to  the  surface  layer  and 
therefore  the  velocity  of  the  wave  is  only  effected  by  that 
layer.  This  technique  allows  surface  waves  to  sample  the 
different  layers  by  creating  a  wide  range  of  frequencies  (or 
wavelengths) .  The  surface  wave  velocity  is  then  compared 
with  the  corresponding  wavelength  and  plotted  on  a 
dispersion  curve  (discussed  later) .  Using  an  inversion 
process,  the  shear  wave  velocity  of  the  different  layers  can 


be  calculated. 
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Motion  Motion 


a.  Material  Profile  b.  Shorter  Wavelength,  X  y  c.  Longer  Wavelength.  X2 


Figure  2.22  Approximate  Distribution  of  Vertical  Particle 
Motion  with  Depth  of  Two  Wavelengths 
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2.4.3  SASW  Field  Testing  and  Equipment 

The  field  SASW  equipment  consists  of  an  impact  source, 
seismic  receivers,  and  a  recording  device  as  shown  in  Figure 
2.23.  The  impact  source  is  generally  some  type  of  drop 
hammer.  At  close  receiver  spacings  (2  to  8  feet)  hand-held 
hammers  are  used  while  at  greater  spacings  (8  to  16  feet) 
sledge-hammers  are  generally  used.  Stokoe  et  al.  (1988) 
have  Investigated  using  150  to  2000  lb  dropped  weights  with 
good  success  and  have  suggested  using  bulldozers  and  dynamic 
compaction  weights  to  create  the  very  low  frequencies 
required  for  depths  of  500  feet.  However,  the  larger 
weights  are  quite  destructive  and  could  be  prohibitive  on 
some  sites.  A  piezoelectric  shaker  can  be  used  to  generate 
high  frequencies  in  the  1  to  50  kHz  range  for  evaluation  of 
near  surface  layers. 

Once  the  source  has  impacted,  two  vertical  receivers 
monitor  the  surface  wave.  The  frequencies  of  the  wave 
influence  the  type  of  receiver  used.  Vertical  velocity 
receivers  with  natural  frequencies  of  1  to  4.5  Hz  perform 
well  at  soil  sites  (5  to  500  Hz)  and  piezoelectric 
accelerometers  do  well  at  pavement  sites  where  frequencies 
range  from  1  to  50kHz  (Stokoe  et  al.  1988).  SASW  testing  is 
usually  done  with  receivers  at  different  spacings  using  one 
common  centerline  midway  between  receivers.  Spacings 
between  receivers  at  a  soil  site  can  be  4,  8,  16,  32,  64, 
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Figure  2.23  Configuration  of  SASW  Equipment 
Copyright  ASCE  -  Reprinted  with  permission 
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and  128  feet.  These  spacings  can  be  used  to  evaluate  to 
depths  of  60  feet. 

The  recording  devise  is  usually  some  kind  of  dynamic 
signal  analyzer  with  a  micro-computer.  The  digital  signal 
analyzer  is  a  digital  oscilliscope  that  has  the  ability  to 
perform  calculations  in  either  the  time  or  frequency 
domains.  Figure  2.24  shows  some  typical  field  data  at  one 
receiver  spacing.  The  phase  of  the  cross  power  spectrum 
plots  the  phase  difference  between  receivers  as  a  function 
of  frequency.  The  phase  difference  is  used  to  generate  the 
dispersion  curve  discussed  later.  The  coherence  is  a 
measure  of  the  quality  (signal  to  noise  ratio)  of  the 
signals  recorded.  A  ratio  of  one  signifies  a  high  quality 
signal  while  a  ratio  of  zero  indicates  poor  quality. 

2.4.4  Dispersion  Calculations 

The  dynamic  digital  analyzer  collects  the  time  records 
of  each  receiver  spacing  and  transforms  them  into  records  of 
the  frequency  domain  using  a  fast  fourier  transform 
algorithm.  Inside  the  frecpiency  domain,  the  phase 
difference  {0)  between  two  receivers  is  plotted  against 
frequency.  The  time  delay  from  one  receiver  to  the  other  is 
a  function  of  frequency  and  is 

t(f)  -  e^(f)/2nf  (2.32) 

where 

^yx(f)  *  phase  of  cross  power  spectrum  (radians) 
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Figure  2.24  Phase  and  Coherence  Spectra 
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f  >■  frequency  (Hertz) 

The  surface  wave  velocity  is 

V,(f)  -  D/t(f)  (2.33) 

where 

D  «  distance  between  receivers 
The  wavelength  of  the  surface  wave,  Xr,  Is 

X*  -  V»/f  (2.34) 

These  calculations  In  Equations  2.32,  2.33,  and  2.34  are 
preformed  by  a  micro-computer  for  each  frequency  and  the 
result  Is  plotted  as  a  dispersion  curve.  Each  dispersion 
curve  generated  from  specific  receiver  spaclngs  is  merged  to 
form  one  Integrated  dispersion  curve  as  shown  In  Figure 
2.25. 

2.4.5  Inversion  Process 

The  purpose  of  the  inversion  process  is  to  back  calculate 
shear  velocity  and  moduli  of  the  differing  soil  layers.  The 
process  used  today  Is  an  iterative  procedure  that  matches  a 
theoretical  dispersion  curve  with  the  experimental 
dispersion  curve  obtained  In  the  field.  Each  Iteration 
assumes  a  shear  wave  velocity  and  thickness  of  layer  and 
modifies  accordingly  to  obtain  similarity  between 
experimental  and  theoretical  curves.  Figure  2.26  is  an 
example  of  a  Final  Shear  Wave  Velocity  Profile. 

The  Young's  modulus  of  the  surface  layer  can  also  be 
determined  once  the  phase  velocity  of  the  surface  layer  has 
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Figure  2.25  Composite  Dispersion  Curve 
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Figure  2.26  Final  Shear  Wave  Velocity  Profile 
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been  measured  (Roesset  et  al.  1991)  : 

V,  «  CV*  (2.35; 

G(^  -  (7/g)(Vs)"  (2.36) 

“  2G(1+w)  (2.37) 

where 

C  -  1.135  -  0.182W  (for  v  ^  0.1) 

G  -  shear  modulus 
7  >  total  unit  weight 
9  >  acceleration  due  to  gravity 
E  -  Young's  modulus 
V  ■  polsson's  ratio 

Since  measurements  are  selsmlcally  made  with  strains  below 
0.001  percent,  equations  2.36  and  2.37,  represent  maximum 
moduli  values. 

2.4.6  Qualitative  Estimation  of  Density  Using  the 
SASW  Method 

One  of  the  by-products  of  obtaining  the  shear  wave 
velocity  of  a  site  Is  that  In-sltu  densities  can  be 
Inferred.  Stolcoe  et  al.  (1988)  demonstrate  that  this  can  be 
done  for  sands  and  gravels  by  comparing  measurod  shear  wave 
velocities  with  values  calculated  using  an  empirical 
relationship  developed  by  Seed  et  al.  (1986).  A  small 
strain  value  of  shear  modulus,  G,^,  Is  given  by 

-  (1000)Kj(a.')0.50  (2.38) 


where 


K]  "  empirical  constant  which  ta]ces  Into  account 
density  (void  ratio) 
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a.'  «  mean  effective  principle  stress. 

Shear  modulus  and  shear  velocity  are  related  by  Equation 
2.39: 

G  -  (7/g)V.'  (2.39) 

where 

7  *  total  unit  weight 

g  *  gravitational  acceleration 
Stokoe  et  al.  (1988)  demonstrate  that  if  equations  2.38  and 
2.39  are  combined^  the  shear  wave  velocity  can  be  expressed 

as 

V.-  [(1000)(g/7)(Kj)]0.50  (2.40) 

Using  Equation  2.40,  the  variation  of  shear  velocity  with 
depth  and  density  can  be  evaluated  at  a  site. 

Using  a  qualitative  approach,  Stokoe  et  al.  (1988) 
suggest  assuming  different  values  of  K2  which  reflect  various 
densities.  For  example,  values  such  as  30,  50,  and  70 
represent  loose,  medium  dense  and  very  dense  sands  while 
values  of  40,  80,  and  120  might  be  used  for  gravel.  In 
addition,  o.'  must  be  calculated  for  each  depth  using  the 
expression 


ff.'  -  (^v')  (1  +  2K„)/3  (2.41) 

where 

ffy'  «  vertical  effective  stress 
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K,  «  coefficient  of  earth  pressure  at  rest 
However,  Stokoe  et  al.  (1988)  caution  that  by  using  Equation 
2.41  there  are  at  least  five  assumptions  implicitly  made: 

(1)  level  ground 

(2)  principal  stresses  are  oriented  in  the  vertical 
and  horizontal  directions 

(3)  the  intermediate  and  minor  principal  stresses  are 
equal 

(4)  age  of  deposit  can  be  neglected 

(5)  little  or  no  cementation  exists 

Stokoe  et  al.  (1988)  demonstrated  this  technique  using  three 
sites  that  were  hard  to  sample  with  traditional  methods. 
Figure  2.27  present  results  from  the  sites  in  terms  of  shear 
velocity,  depth,  and  density.  Figure  2.27(a)  shows  a  very 
loose  layer  between  10  and  40  feet  In  the  Spirit  Lake  area. 
Figure  2.27(b)  shows  a  loose  layer  between  4  and  16  feet  and 
Figure  2.27(c)  demonstrates  the  effects  of  compactions 
efforts  at  Jackson  Lake  Dam,  Wyoming. 

2.4.7  Determining  Surface  Laver  Thickness  and  Modulus 
Values 

The  goal  of  SASW  testing  Is  to  determine  the  stiffness 
of  layers  by  using  the  dispersive  properties  of  surface 
waves.  Measurements  of  surface  wave  phase  velocity  and 
wavelength  of  a  uniform  surface  layer  can  then  be  used  In 
Equations  2.35,  2.36,  and  2.37  of  Section  2.4.5  to  determine 


Figure  2.27  Qualitative  Estination  of  Densities  Using 

Insitu  and  Empirical  Shear  Wave  Velocities 
(Stokoe  et  al.  1988) 

Copyright  ASCE  -  Reprinted  with  permission 
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wave  propagation  in  a  uniform  half-space.  In  this  figure, 
the  surface  wave  phase  velocity  is  independent  of  the 
wavelength  because  the  section  has  uniform  stiffness. 

Figure  2.29  shows  a  dispersion  curve  for  Rayleigh  waves 
propagating  in  a  soft  over  stiffer  half -space.  Notice  that 
at  short  wavelengths,  the  surface  wave  phase  velocity  is 
equal  to  the  value  of  the  surface  layer.  As  the  wavelength 
Increases,  however,  the  surface  velocity  is  effected  by  the 
stiffer  material  below  and  the  averaging  of  the  two  layers 
results  in  a  higher  surface  wave  phase  velocity.  Figure 
2.30  shows  a  stiff  over  soft  half-space  since  the  short 
wavelengths  (high  frequencies)  have  a  higher  surface  wave 
phase  velocity  than  the  long  wavelengths  (low  frequencies). 
This  would  simulate  a  base  course  over  a  subgrade.  Roesset 
et  al.  (1990)  suggests  that  since  the  short-wavelengths 
sample  only  the  stiffness  of  the  top  layer,  then  the  shear 
wave  velocity,  shear  modulus,  and  Young's  modulus  of  the  top 
layer  may  be  calculated  using  Equations  2.35,  2.36,  and 
2.37.  In  addition,  Roesset  et  al.  (1990)  point  out  that 
using  the  critical  wavelength  shown  in  Figure  2.31,  the 
thickness  of  the  top  layer  may  be  estimated.  Roessett  et 
al.  (1990)  reported  on  the  two  pavement  sections  shown  in 
Figures  2.32  and  2.33.  Figure  2.32  shows  a  section  with  an 
average  surface  wave  phase  velocity  of  4,500  ft/sec  which 
translates  into  a  Young's  modulus  of  2.8  x  10*  psf. 

Roessett  et  al.  (1990)  conclude  that  this  value 
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Figure  2.29  Dispersion  Curve  for  Rayleigh  Waves  Propagating 
in  a  Softer  Layer  Over  a  Stiffer  Half -space 
(Roesset  et  al.  1990) 
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Figure  2.30  Dispersion  Curve  for  Rayleigh  Waves  Propagating 
in  a  Stiffer  Layer  Over  a  Softer  Half-space 
(Roesset  et  al.  1990) 
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Figure  2.31  Determination  of  the  Surface  Layer  Thickness 
from  the  Dispersion  Curve  for  Rayleigh  Waves 
(Roesset  et  al.  1990) 


Surface  Wave  Velocity  .  fps 


79 


Figure  2.32  Dispersion  Curve  used  to  Determine  Top  Layer 
Thickness  and  Young's  Modulus 
(Roesset  et  al.  1990) 
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Figure  2.33  Dispersion  Curve  used  to  Determine  Top  Layer 
Thickness  and  Young's  Modulus 
(Roesset  et  al.  1990) 
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is  high  because  moduli  measured  at  strain  levels  associated 
with  seismic  testing  are  maximum  values.  Also  shown  in 
Figure  2.32  is  a  prediction  of  top  layer  thickness  of  6.12 
inches  as  compared  to  cores  of  6.96  inches,  which  compares 
reasonably  well.  Figure  2.33  shows  similar  data  with  a 
Young's  modulus  value  of  2.7  x  lO^psf  and  estimated  surface 
layer  thickness  of  5.04  inches.  The  cored  thickness  was  5.04 
inches  also  and  compares  very  favorably. 

It  has  been  the  Intent  of  this  chapter  to  provide  the 
reader  with  the  necessary  background  to  logically  follow  and 
understand  the  research  presented  in  the  following  chapters. 
This  chapter  has  discussed  basic  airfield  traf f icabillty 
concepts,  U.S.A.F.  unsurfaced  airfield  evaluation  techniques 
and  seismic  surveying  using  spectral  analysis  of  surface 
waves.  Chapter  3  will  present  the  design  and  development  of 
the  Automated  Airfield  Dynamic  Cone  Penetrometer  (AADCP) . 


CHAPTER  3 


DEVELOPMENT  AND  DESCRIPTION  OF  THE  AUTOMATED  AIRFIELD 
DYNAMIC  CONE  PENETROMETER  (AADCP) 

3.1  Introduction 

Th«  purpose  of  this  chapter  is  to  present  the  major 
phases  of  the  AADCP  prototype  development.  The  chapter 
begins  with  the  rationale  used  to  select  the  penetration 
system,  citing  the  various  advantages  and  disadvantages  of 
each  system.  The  various  prototypes  developed  are  then 
presented.  Each  is  discussed  in  detail  and  it  is  shown  how 
it  contributed  to  the  final  version.  The  chapter  concludes 
with  a  detailed  description  of  the  final  version  of  the 
AADCP  equipment,  including  the  penetration  device  and  its 
auxiliary  equipment. 

3.2  Development  and  Selection  of  Testing  System 
3.2.1  Introduction 

The  first  phase  of  this  research  project  was  to  develop 
and  design  an  alternative  DCP  testing  system.  Though  the 
manual  DCP  has  been  used  by  the  Air  Force  quite  successfully 
for  the  last  five  years,  it  does  have  a  single  major 
drawback.  It  is  extremely  labor  Intensive  and  hence  time 
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consuming.  This  was  brought  out  in  interviews  with  both  the 
Combat  Control  School  instructors  and  with  the  former  AFESC 
Pavement  Evaluation  Team  Chief.  The  Air  Force  therefore 
seeks  an  alternative  testing  procedure. 

3.2.2  System  Specifications 

In  discussions  with  the  Air  Force,  the  following  list 
was  created  to  identify  system  specifications.  These 
specifications  would  enhance  the  DCP  testing  technology  and 
would  help  provide  a  blueprint  for  any  new  DCP  system.  The 
most  important  system  attributes  are  speed,  mobility  and 
repeatability  of  testing.  Depending  on  the  site  conditions, 
the  manual  DCP  can  require  up  to  150  blows  in  one  location. 

A  second  test  is  usually  performed  to  ensure  statistical 
accuracy  and  a  third  test  is  required  if  the  number  of  blows 
of  the  first  and  second  tests  are  not  relatively  close.  In 
the  worst  case,  a  manual  DCP  test  can  last  12  minutes  per 
penetration  or  36  minutes  per  test  location.  With  20  test 
locations  required  over  a  3500  foot  unsurfaced  airfield,  the 
total  time  of  testing  for  a  two  man  crew  could  be  12  hours. 
Any  significant  decrease  in  testing  time  would  lower  the 
combat  exposure  of  the  airfield  controllers. 

The  mobility  of  the  instrument  is  important  to  the  Air 
Force  in  that  it  must  be  able  to  be  transported  into  various 
scenarios.  The  Air  Force  Combat  Controllers,  one  of  the 
main  users  of  the  DCP,  have  mission  statements  that  require 
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the  ability  to  airdrop  in  land  or  water,  traverse 
mountainous  terrain,  and  cross  dessert  terrain.  The  new 
instrument  must  be  adaptable  to  these  types  of  environments. 
In  addition,  the  Instrument  should  be  as  repeatable  as  the 
manual  DCP  to  ensure  consistent  reliable  results.  It  has 
previously  been  shown  in  Section  2. 3. 3. 3  that  the  DCP  is 
more  reliable  than  the  field  CBR  test  which  it  was  developed 
to  duplicate.  The  new  system  should  have  the  same 
characteristics . 

Another  Important  system  attribute  discussed  with  Air 
Force  Combat  Controllers  was  a  total  weight  limitation.  A 
practical  limit  was  that  each  member  of  a  two  man  team  would 
carry  20  -  30  lbs.  Ease  of  maintenance  and  a  total  research 
budget  of  $10,000  were  other  Air  Force  constraints. 

In  addition  to  the  above  DCP  testing  enhancements,  it 
was  proposed  to  include  some  type  of  technology  that  would 
evaluate  spatial  variation  of  the  unsurfaced  runway.  It  was 
discussed  that  some  kind  of  seismic  non-destructive  testing 
would  be  used.  Chapter  Four  details  the  spectral  analysis 
of  surface  waves  technique  which  can  provide  useful  soil 
information  to  evaluate  the  unsurfaced  airfield. 

Therefore  an  appropriate  problem  statement  is  to 
develop  an  unsurfaced  airfield  prototype  device  that  would 
be  less  labor  Intensive  than  the  currently  used  Dynamic  Cone 
Penetrometer  (DCP)  test,  as  fast  or  faster  to  perform  than 
the  DCP  test,  and  would  have  an  associated  non-destructive 
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testing  component  to  evaluate  non-test  zones  for  spatial 
variation,  while  still  providing  accurate  bearing  capacity 
data. 


3.2.3  Review  of  Current  Technology 

The  purpose  of  a  review  of  current  test  methods  is  to 
determine  if  an  existing  system  or  part  thereof  could  be 
used  to  solve  the  problem  statement.  It  was  quite  evident 
that  any  type  of  laboratory  testing  would  be  too  time 
consuming  and  therefore  not  a  viable  option.  A  list  of 
geotechnical  insltu  field  testing  devices  was  compiled  to 
analyze  their  applicability.  The  list  Includes 

(a)  Hand  Cone  Penetrometer 

(b)  Electric  Cone  Penetrometer 

(c)  Dilatometer 

(d)  Plate  Load  Test 

(e)  Screw  Plate  Test 

(f)  Dynamic  Cone  Penetrometer 

(g)  Standard  Penetration  Test 

(h)  Seismic  Testing 

(i)  Electrical  Resistivity 

In  review  of  this  list,  it  became  obvious  that  some  are 
eliminated  because  of  equipment  size  and  logistics.  In 
general,  the  tests  requiring  quasi-static  penetration  or 
static  loading  are  eliminated,  such  as  the  electric  cone, 
dilatometer,  plate  load,  and  screw  plate  tests,  because  of 
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thtt  large  reaction  forces  required.  Hand-held 
penetrometers,  such  as  the  airfield  cone  penetrometer  (ACP) , 
discussed  in  section  2.3,  can  not  be  penetrated  into  some  of 
the  stiff er  soils  and  have  questionable  reliability. 

It  was  therefore  decided  that  the  device  should  be 
dynamic  in  form.  The  standard  penetration  test  was  rejected 
because  the  equipment  is  too  heavy  and  bulky  for  mobility 
purposes.  The  manual  DCP  test  described  in  Section  2.3.3, 
with  its  characteristics  of  manageable  size  and  good 
penetration  potential,  has  performed  satisfactorily  in  the 
evaluation  of  unsurfaced  airfields.  It  was  therefore 
decided  to  direct  the  research  effort  towards  producing  an 
automated  form  of  this  test. 

3.3  Prototype  Development 

This  section  describes  the  various  prototypes  developed 
over  the  course  of  the  research.  In  general,  each  prototype 
developed  tested  different  principles  associated  with  the 
penetration  system.  The  final  version  described  in  detail 
in  Section  3.4,  was  simply  a  combination  of  the  various 
designs. 


3.3.1  Rod  and  Guide  Mounted  to  an  Air  Piston 

The  first  prototype  consisted  of  a  40-inch  penetration 
rod  mounted  to  an  air  piston.  Figure  3.1.  One  end  of  the 
penetration  rod  screwed  directly  into  the  piston  rod  while 
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Figure  3 .  l  Rod  and  Guide  Mounted  to  an  Air  Piston 
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the  other  end  fitted  into  a  5-inch  guided  rod-cone  tip 
assembly.  The  cone  tip  is  the  same  as  used  in  the  manual 
DCP  with  a  sixty  degree  apex  and  a  20  mm  cross  section 
diameter.  A  vertical  stanchion  was  used  to  guide  the  system 
into  the  ground.  The  40-inch  rod  was  lifted  and  driven  down 
by  air  pressure.  The  rod  struck  the  guide  to  advance  the 
cone  tip. 

Preliminary  testing  showed  that  the  penetration  rod 
which  carried  the  weight  of  the  piston  apparatus  did  not 
move.  The  movement  cane  from  the  air  piston  rising  and 
falling  with  each  blow.  Consequently,  the  cone  tip  could 
not  penetrate. 

It  became  obvious  that  the  prototype  required  a  locking 
device  at  the  vertical  stanchion  to  hold  the  weight  of  the 
air  piston  while  the  penetration  rod  was  retracted  away  from 
the  cone  tip.  Once  the  retraction  occurred,  the  return  blow 
could  then  strike  the  cone  tip.  The  locking  device  could 
release  its  hold  on  the  air  piston  at  the  time  of  the  blow, 
allowing  the  entire  system  to  penetrate.  The  locking  device 
solution  was  difficult  to  develop.  Ideas  such  as  pneumatic 
locking  pins  and  pneumatic  air  grippers  were  discussed.  No 
solution  was  completely  satisfactory  and  therefore  the 
locking  devise  was  put  on  hold  until  an  alternative  solution 
could  be  designed.  However,  the  idea  of  a  rod  striking 
Inside  a  cone  tip  led  to  the  inner-outer  rod  system  used  in 
Section  3.3.4. 
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3.3.2  Rotary  Hammer 

An  alternative  solution  to  the  rod  and  guide  assembly 
mounted  to  an  air  piston  was  the  rotary  hammer  approach, 
Figure  3.2.  A  rotary  hammer  uses  a  small  cam  to  propel  a 
horizontal  impactor  which  strikes  a  penetration  rod.  The 
penetration  rod  is  forced  through  the  medium  at  very  high 
vibratory  speeds.  An  electric-powered  rotary  hammer  was 
mounted  to  a  vertical  stanchion  to  penetrate  in  the  vertical 
direction  Figure  3.2.  The  plan  was  to  slow  down  the  blow 
rate  to  1  or  2  per  second  (60-120  bpm)  and  record  how  long 
it  took  to  penetrate  particular  depths.  Knowing  the  time 
taken  and  the  frequency  of  the  hammer,  the  number  of  blows 
required  to  penetrate  each  layer  could  be  calculated.  In 
addition,  penetration  versus  time  could  be  plotted  to  yield 
an  Inches  per  blow  value,  equivalent  to  the  DCP  value.  The 
advantages  of  using  a  rotary  hammer  were  its  unique 
capability  of  driving  a  rod  through  the  stiffest  materials 
in  a  relatively  short  period  of  time.  A  40-inch  rod  was 
machined  to  fit  a  Ryobi  rotary  hammer.  An  attempt  was  made 
to  verify  the  manufacturers  claim  of  3750  blows  per 
minute  (bps) .  Using  an  oscilloscope  in  the  soils  lab,  sixty 
blows  per  minute  was  measured  as  opposed  to  the 
manufacturers  claim  of  more  than  six  times  that  number. 

Field  tests  proved  very  successful.  The  device  easily 
penetrated  the  stiffest  of  materials,  ii^cluding  asphalt. 
Efforts  were  made  to  buy  a  variable  rate  gas-powered  rotary 
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Figure  3.2  Rotary  Hanuner 
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hammer.  This  would  have  provided  independence  from  an 
electrical  source  and  the  possibility  of  slowing  the  bpm 
rate  down  to  around  40  bpm.  However,  no  such  piece  of 
ecpiipment  could  be  found.  With  further  inspection  of  this 
system,  the  contribution  to  penetration  of  the  tremendous 
vibrations  on  the  rod  became  an  area  of  concern.  It  was 
concluded  that  the  manual  DCP  had  a  different  type 
penetration  than  the  vibrating  rotary  hammer  and  that  the 
hammer  did  not  model  the  manual  DCP  energy  Impact  well 
enough  to  warrant  continued  effort  in  this  direction. 

The  Ryobi  rotary  hammer  prototype  was  not  successful. 
However,  this  prototype  led  to  the  purchase  of  a  variable 
speed  gas-powered  reciprocating  saw.  It  was  anticipated 
that  the  back  and  forth  motion  of  this  saw  would  produce  a 
penetration  similar  to  that  of  the  rotary  hammer,  and  it  had 
the  advantage  of  being  variable  speed  and  gas  powered. 
Unfortunately,  when  a  penetration  rod  was  retro- fitted  to 
the  saw  and  field  tested,  the  saw  was  not  built  ruggedly 
enough  to  withstand  the  vibrations  of  penetration. 

3.3.3  Cam  Operated  Lift  and  Drop  Mechanism 

An  entirely  new  concept  was  conceived  based  on  a  cam 
and  roller  assembly.  This  prototype  provides  the  potential 
energy  of  a  manual  DCP,  398  in-lbs  (17.6  lb  weight  dropping 
22.6  inches),  by  using  a  spring-mass  system.  The  potential 
energy  of  a  spring-mass  system  is: 
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PE  -  [(1/2)  (K)  (X^)]  +  [(W)(X))  (3.1) 

where 

PE  -  potential  energy 
K  -  spring  constant 
X  -  compression  of  spring 
W  -  weight 

Consequently!  a  2  lb  penetration  rod  raised  3  inches  by  a  90 
lb/ in  spring  produces  411  In-lbs  of  potential  energy  which 
is  very  close  to  the  energy  of  a  manual  DCP. 

PE  -  1/2  K  X*  +  W  X 

-  (1/2)  (90)  (3")  +  (2)  (3) 

-  411  in-lbs 

This  prototype  used  a  hand  crank  and  cam  to  compress  a 
spring  attached  to  a  penetration  rod.  Figure  3.3.  Once  the 
cam  reached  its  release  point  the  spring  was  uncoiled  and 
caused  the  rod  to  strike  against  the  cone  tip.  Two  methods 
were  used  to  rotate  the  cam,  a  hand  turned  version  and  a 
1/2-inch  drill  version.  Both  methods  were  successful  in 
penetration,  however,  the  drill  version  required  some  type 
of  electrical  power  source.  Preliminary  penetration  reuults 
demonstrated  that  the  spring  and  rod  assembly  provided  an 
effective  means  of  driving  a  rod  into  the  ground  while 
monitoring  the  penetrations  per  blow.  The  spring-mass 
system  used  in  this  particular  design  represented  a  major 
breakthrough  in  the  project.  The  idea  of  replacing  the 
force  of  a  falling  weight  with  that  of  a  spring  was  pursued 


S3 


Figure  3.3 


Cam  Operated  Lift  and  Drop  Mechanism 
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in  each  of  the  subsequent  prototypes.  However,  because  a 
major  thrust  of  the  project  was  to  automate  the  DCP  and 
because  of  the  lack  of  electricity  in  the  field,  a  new 
lifting  mechanism  was  required.  The  following  two  sections 
describe  the  attempts  made  in  this  direction. 

3.3.4  Chain  Driven  Liftina-Droo  Mechanism 

The  idea  for  a  gas -powered  chain  driven  lifting-drop 
mechanism  came  from  the  Marshall  mix  design  equipment,  in 
which  a  drop  hammer  is  lifted  by  a  chain  rotating  on  gears. 

A  chain  lifting  mechanism  was  utilized  in  this  project  as 
shown  in  Figure  3.4.  A  gas  powered  reciprocating  saw  engine 
was  used  to  drive  a  bicycle  chain  which  had  lifting  prongs 
attached  to  its  links.  The  lifting  prongs  caught  a  roll  pin 
placed  in  the  vertical  rod-spring  assembly  and  compressed 
the  spring.  When  the  lifting  prongs  reached  the  top  of  the 
upper  gear,  the  spring  and  mass  were  released  to  strike. 

One  of  the  new  design  features  in  this  prototype  was  an 
inner  hammer  and  outer  penetration  rod  system.  The  lifting 
prongs  actually  lifted  an  inner  hammer  rod  that  slid  down 
through  an  outer  penetration  rod.  The  impact  load  was  taken 
at  the  cone  tip  and  not  at  the  top  of  the  penetration  rod. 
This  allowed  the  striking  motion  of  the  inner  rod  to  move 
independently  from  the  outer  rod  which  rigidly  supported  the 
weight  of  the  entire  penetrating  system.  This  inner  and 
outer  rod  system  solved  the  problem  mentioned  in  Section 
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Figure  3.4  Chain  Driven  Lifting-Drop  Mechanism 
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3.3.1.  where  a  locking  device  was  necessary. 

Testing  showed  that  the  gas-powered  motor  rotated  the 
gear  and  chain  at  an  unsafe  rate.  It  was  discovered  that 
the  variable  speed  motor  required  at  least  750  rpm's  to 
engage  the  clutch.  To  compensate,  additional  gears  were 
designed  to  accommodate  the  speed  of  the  motor  and  it  was 
found  that  an  8-inch  gear  was  required.  Due  to  geometric 
space  constrictions,  the  gas-powered  chain  motor  lifting 
mechanism  was  no  longer  pursued.  However,  the  inner-outer 
rod  system  and  the  spring-mass  system  were  carried  over  to 
the  next  prototype. 

3.3.5  Air  Piston-Spring  Lift  and  Drop  Mechanism 

At  this  time,  it  was  decided  to  return  to  the  original 
idea  of  using  an  air  piston,  however,  not  to  drive  the 
penetration  rod  but  to  compress  the  spring,  see  Figure  3.5. 
The  air  piston  was  mounted  to  the  top  of  the  spring-rod 
assembly  and  used  as  the  lifting  force.  The  system,  when 
tested,  showed  that  it  was  possible  to  drive  a  rod  into  the 
ground  and  therefore  worthy  of  some  fine  tuning  efforts. 

A  second  air  piston  prototype.  Figure  3.6,  was 
manufactured  out  of  aluminum  and  included  an  inner/outer 
rod-spring  assembly,  vertical  stanchion,  portable  air 
compressor,  air  tank,  double  solenoid  air  valve,  quick 
release  exhaust  valves,  and  a  12  VDC  battery.  The  system 
works  as  follows.  First,  air  is  inserted  into  the  cylinder 
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Figure  3.5 


Air  Piston-Spring  Lift  and  Drop  Mechanism 
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Figure  3.6 


Automated  Air  Piston-Spring  Lift  and 
Drop  Mechanism 
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to  lift  the  piston.  When  the  piston,  which  has  a  magnet 
attached,  moves  up  to  the  top  position  switch,  the  switch  is 
magnetically  closed.  This  sends  a  signal  to  the  3-way 
solenoid  valve  to  cease  providing  air  and  to  exhaust  the 
pressurized  cylinder  air  out  through  the  quick  exhaust 
valves.  "Instantly"  the  air  is  released  and  the  attached 
spring  drives  the  inner  rod  down  onto  the  cone  tip.  Once 
the  cone  tip  begins  penetration,  the  entire  driving 
mechanism  is  lowered  because  it  is  rigidly  attached  to  the 
outer  penetration  rod.  The  lower  position  switch  is  then 
triggered  as  the  magnetic  piston  moves  by  this  sensor 
and  the  air  begins  to  again  lift  the  piston. 

It  was  from  this  basic  air  piston  lifting  design  that 
the  automated  airfield  dynamic  cone  penetrometer  was  built. 
Numerous  modifications  and  tests  have  been  performed  with 
the  goal  of  matching  the  driving  energy  and  the 
repeatability  of  the  manual  DCP.  In  order  to  match  the 
penetration  index  (Inches  per  blow)  of  the  manual  DCP,  an 
energy  analysis  of  the  system  was  necessary.  As  noted  in 
Section  2.3,  the  DCP  has  an  17.6  lb  weight  dropping  22.6 
Inches  which  provides  about  400  in-lbs  of  potential  energy. 
In  order  to  store  400  in-lbs  of  potential  energy  in  the 
AADCP,  the  spring  and  rod  weight  would  have  to  be  chosen 
carefully.  Table  3.1  provides  of  list  of  possible 
combinations  which  could  be  used  to  satisfy  the  potential 
energy  recpiirement.  In  addition,  a  reaction  force  necessary 
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Table  3.1  Potential  Energy  Calculations  of  Various  Strokes 
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PE-(1/2*I 
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7 
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8 
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7.0 

10 
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TO 
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11 

400 

63 
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400 
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4.0 
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3.4 

14 
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47 
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19 
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43 

2.9 

16 
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40 

2.2 

17 

400 

37 

1.9 

16 

400 

34 

i.r 

19 

400 

32 

1.6 

20 

400 

30 
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to  stabillzo  the  spring  when  released  is  also  shown. 

Various  size  spring  were  tested  for  efficient  penetration 
with  the  280  lb/ in  spring  being  most  suitable.  The  required 
compression  for  this  spring  is  just  1.5  Inches.  Other 
factors  which  were  evaluated  when  selecting  the  spring  were 
the  spring  constant  vs  required  air  pressure  to  lift,  volume 
of  air  pressure  required,  and  rate  of  air  exhausting. 

3.3.6  Modifications  of  the  Basic  AADCP  Design 

3.3.6. 1  Introduction 

After  preliminary  field  testing  of  the  basic  design  of 
the  AAOCP  it  was  discovered  that  the  instrument  was 
requiring  considerably  more  blows  per  inch  than  the  manual 
DCP.  Several  design  modifications  were  made  to  solve  this 
problem. 

3. 3. 6. 2  Air  Exhaustion 

The  first  problem  was  that  the  air  was  not  exhausting 
fast  enough.  This  meant  that  the  piston  and  spring  were 
slowed  on  the  down  stroke  and  prevented  from  impacting  the 
cone  tip  with  the  desired  force.  The  solution  to  this 
problem  was  to  first  shorten  the  stroke  length.  With  a 
shorter  stroke  length  less  volume  of  air  was  required  and 
therefore  less  time  to  get  the  air  out  of  the  piston  on  the 
down  stroke.  To  complement  the  shorter  stroke  length,  the 
three-way  air  valve  and  the  quick  release  valve  were  moved 
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as  close  to  the  air  cylinder  as  possible.  Close  nipples 
were  used  to  thread  the  quick  release  valve  into  the 
cylinder  and  thread  the  three-way  solenoid  valve  into  the 
quick  release  valve.  Since  the  stroke  was  shortened,  the 
spring  constant  had  to  be  increased  from  10  lbs/ inch  with  a 
9  inch  stroke  to  385  Ibs/inch  and  a  1.5  inch  stroke.  A 
further  solution  to  the  problem  of  air  not  escaping  fast 
enough  was  to  increase  the  number  of  quick  release  valves 
and  increase  the  size  of  the  valve  opening.  Originally,  a 
single  3/8"  diameter  quick  release  valve  was  used  to  exhaust 
the  air.  However,  a  significant  increase  in  the  penetration 
index  (inches/blow)  resulted  when  three  3/8"  quick  release 
valves  were  used  and  an  even  greater  Improvement  occurred 
when  one  3/4"  cpiick  release  valve  was  used.  There  was  no 
significant  change  when  three  3/4"  quick  release  valves  were 
used.  To  accommodate  a  single  3/4"  valve,  a  new  base  to  the 
air  cylinder  was  designed  for  optimum  air  flow. 

A  final  modification  was  to  pressurize  the  top  of  the 
cylinder.  This  places  pressure  on  the  top  side  of  the 
piston  and  assists  on  the  down  stroke.  This  had  some 
positive  effect  on  the  penetration  efficiency.  A  spinoff  of 
this  solution  was  to  drill  several  holes  in  the  top  of  the 
air  cylinder.  This  allowed  the  piston  to  drop  more  easily 
on  the  down  stroke  and  avoid  any  suction  resistance  on  the 
top  side.  In  general,  this  modification  was  easier  and  more 
practical  to  maintain  than  pressurizing  the  top  cylinder  and 
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therefore  was  chosen.  The  combination  of  a  single  3/4" 
quick  release  valve  connected  directly  to  the  air  cylinder, 
a  thr&e  way  solenoid  valve  threaded  into  the  quick  release 
valve,  using  a  one  to  two  inch  stroke,  and  a  fully  opened 
top  cylinder  provided  the  lowest  air  resistance  possible. 

3. 3. 6. 3  Soring  Reaction  Force 

It  was  observed  that  the  force  of  impact  increased 
tremendously  when  the  previous  sections  modifications  were 
implemented.  However,  the  relatively  large  Impact  created 
another  problem.  During  preliminary  field  testing,  a 
relatively  large  rebound  force  lifted  the  testing  instrument 
off  the  ground.  It  was  deduced  that  the  spring  required  a 
reaction  to  push  against  in  order  to  release  its  energy  in 
the  downward  direction.  In  an  effort  to  provide  a  spring 
reaction,  a  specially  designed  one-way  gripper  was  mounted 
to  the  penetration  rod,  Figure  3.7. 

The  idea  behind  the  one-way  gripper  was  to  allow  the 
penetration  rod  to  drive  in  the  downward  direction  but  not 
rebound  in  the  upward  direction.  The  gripper  consisted  of  a 
post-tensioning  chuck.  The  chuck  had  special  inclined 
gripper  teeth  set  inside  a  narrow  barrel  that  allowed 
penetration  in  one  direction  but  locked  tight  against  the 
rod  if  movement  occurred  in  the  opposite  direction.  Once 
the  rod  was  successfully  prevented  from  lifting  up,  the 
force  was  carried  through  the  chuck's  threads  and  was 
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Figure  3.7  One-Way  Gripper 
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resisted  by  the  two  operators  standing  on  a  platform 
threaded  to  the  post-tenslonlng  chuck.  In  field  testing  of 
the  gripper,  the  penetration  rod  was  successfully  prevented 
from  lifting  In  the  upward  direction.  However,  the  post- 
tensioning  gripper  scarred  the  penetration  rod  to  a  point 
that  after  several  tests  the  rod  no  longer  fit  snugly  Inside 
the  gripper  teeth.  It  was  decided  that  this  approach  to 
preventing  rebound  was  not  a  possible  long-term  solution. 

3. 3. 6. 4  Penetration  Rod  Modifications 

The  original  AAOCP  rod  and  cone  diameters  were  16  and 
20  mm  respectively  with  a  60  degree  tip.  In  an  effort  to 
increase  the  penetration  efficiency  of  the  AADCP,  the  red 
and  cone  diameter  were  reduced  to  12.7  mm  and  16  mm 
respectively.  The  cone  tip  was  also  changed  to  30  degrees. 
In  addition,  the  hammer  Impact  location  was  changed  by 
replacing  the  inner-outer  rod  system  with  a  single  solid 
penel.ratic'A  rod  system. 

It  was  apparent,  after  informal  testing,  that  the 
decrease  In  diameter  of  the  cone  and  the  rod  and  the  change 
in  Impact  location  had  a  small  but  positive  effect  on  the 
penetration  efficiency.  The  number  of  blows  per  Inch  were 
reduced  from  18  to  12. 

It  was  suggested  that  the  driving  of  the  penetration 
rod  depends  on  the  ratio  of  the  mass  of  the  hammer  to  the 
mass  of  the  penetration  rod.  Bowles  suggests  a  ratio  of  0.5 
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to  1.0  for  a  single-acting  pile  driver  (Bowles  1990).  It 
became  obvious  that  the  goal  was  to  increase  the  mass  of  the 
hammer  and  decrease  the  mass  of  the  penetration  rod. 

However,  in  the  current  AADCP  model,  the  piston,  spring,  and 
accessories  were  all  welded  to  the  penetration  rod  and 
therefore  must  be  Included  in  its  mass.  To  correct  this 
problem  the  penetration  rod  was  modified  to  allow  the  rod  to 
separate  from  the  piston  assembly  after  each  blow.  This  was 
accomplished  by  allowing  the  instrument  to  rest  on  top  of  a 
collar  which  was  attached  to  the  outside  cylinder.  Figure 
3.8.  When  the  blow  struck,  the  penetration  rod  separated 
from  the  Instrument  and  penetrated  into  the  ground  alone. 
Field  testing  showed  a  dramatic  increase  in  penetration 
efficiency.  The  previous  relative  penetration  index  was 
decreased  from  18  blows  per  inch  to  6  blows  per  inch.  The 
manual  DCP  averaged  approximately  one  to  two  blows  per  inch. 

It  was  evident  that  the  Increase  in  hammer  mass,  the 
decrease  in  rod  diameter  and  cone  apex,  and  the  decoupling 
of  the  Instrximent  mass  from  the  penetration  rod  mass  made  a 
dramatic  increase  in  penetration  efficiency.  It  was  decided 
to  return  the  rod  and  cone  dimensions  to  those  of  the  manual 
DCP  to  better  compare  the  two  instruments,  even  though  a 
loss  in  penetration  efficiency  was  possible. 
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Figure  3.8  Modified  Solid  Penetration  Rod  with  Decoupling 
of  Instrument  and  Penetration  Rod 
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3.4  D#icrlption  of  th«  Automated  Airfield  Dynamic  Cone 

Penetrometer  fAADCP^ 

3.4.1  Introduction 

The  purpose  of  this  section  is  to  provide  a  complete 
description  of  the  final  version  of  the  Automated  Airfield 
Dynamic  Cone  Penetrometer  (AADCP) .  The  AADCP  is  composed 
of  three  basic  components,  the  penetration  system,  the 
control  system  and  the  power  system.  The  AADCP  Is  shown  in 
Figure  3.9.  The  penetration  system  consists  of  the 
penetration  rod,  cone  tip,  anvil,  pneumatic  air  cylinder  and 
piston,  hammer,  compression  spring,  counter  weight  and  quick 
exhaust  valve.  The  control  system  Includes  the  piston 
position  switch,  the  double  solenoid  air  valve,  the  trigger 
switch,  the  vertical  tape  measuring  rod,  and  the  digital 
counter.  The  power  system  consists  of  the  gas  powered 
motor,  air  compressor,  air  tank,  and  12  volt  DC  battery. 

In  general,  the  AADCP  works  somewhat  like  a  single 
acting  pile  driver.  The  AADCP  requires  two  operators  with 
one  person  reading  the  measuring  rod  and  the  other  operating 
the  trigger  switch.  Testing  begins  by  an  operator  turning 
the  toggle  switch  to  the  "on**  position  which  allows  air  to 
flow  into  the  cylinder.  Figure  3.10.  Notice  in  Figure  3.10 
that  the  toggle  switch  has  a  lead  to  the  positive  side  of 
the  battery  and  one  to  the  fill  side  of  the  solenoid.  The 
air,  supplied  by  an  adjacent  air  compressor  to  port  1, 
travels  through  the  fill  side  of  the  directional  control 
valve  from  port  1  to  port  2.  Port  2  is  directly  connected 
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Figure  3.9  General  View  of  the  Automated 

Airfield  Dynamic  Cone  Penetrometer 
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CYUNDER 


Figure  3.10  General  Flow  of  AADCP  Operation 


Ill 


to  the  air  cylinder  and  acts  as  a  pivot  point  for  air  to 
fill  and  exhaust  the  cylinder.  Notice  that  when  it  is  tine 
to  exhaust  the  air  that  port  2  pivots  and  is  now  connected 
with  port  3  on  the  exhaust  side  of  the  directional  control 
valve.  As  the  90  psl  pressurized  air  fills  the  cylinder, 
the  piston  is  raised  approximately  two  inches.  The  air 
overcomes  the  resistance  of  both  the  hammer  mass  and  the  285 
lb/ in  spring.  Generally,  90  psi  of  air  pressure  is  required 
to  raise  the  piston  two  inches.  Once  the  piston  reaches  the 
top  of  the  stroke,  a  magnet  attached  to  the  piston,  triggers 
the  position  switch  mounted  on  the  outside  of  the  cylinder. 
The  position  switch  then  sends  a  signal  to  the  exhaust  side 
of  the  directional  control  valve  to  stop  the  air  flow  into 
the  cylinder  and  to  exhaust  this  air.  Notice  in  Figure 
3.10,  the  position  switch  has  three  leads  with  two  of  them 
connected  to  the  battery  terminals.  The  third  lead  is 
connected  to  the  exhaust  side  of  the  directional  control 
valve.  Immediately,  the  piston  is  driven  down  by  the  spring 
and  mass  of  the  hammer  and  strikes  the  anvil  which  is 
rigidly  connected  to  the  penetration  rod.  The  trigger 
operator  starts  the  process  again  by  moving  the  toggle 
switch  back  to  the  "on"  position.  This  is  the  basic 
operation  of  the  AADCP.  The  following  sections  describe  the 
various  functions  of  the  AADCP  in  more  detail. 
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3.4.2  Penetration  System 

The  penetration  system  consists  of  the  penetration  rod, 
the  cone  tip,  the  anvil,  the  hammer,  the  pneumatic  air 
cylinder,  the  compression  spring,  the  counter  weight  and  the 
quick  exhaust  valve.  The  penetration  steel  rod  has  a 
diameter  of  16  mm  and  can  penetrate  to  a  depth  of  36  inches. 
The  hardened  steel  cone  tip,  which  is  threaded  to  the 
penetration  rod,  has  a  diameter  of  20  mm  and  a  60  degree 
cone  apex.  The  air  cylinder  has  a  2.5  inch  diameter  piston 
that  has  a  10  inch  stroke  capability  with  no  attached  mass. 
Figure  3.11.  Notice  in  Figure  3.11  that  an  11  lb  mass  is 
mounted  to  the  piston  rod.  This  leaves  a  maximum  of  two 
inches  in  stroke.  The  compression  spring  is  mounted  inside 
the  piston  with  teflon  guide  rings  used  to  stabilize  the 
spring.  The  spring  rests  on  top  of  the  piston  and  pushes 
against  the  top  of  the  cylinder  when  compressed.  The 
operating  air  pressure  is  approximately  90  psi.  A  20  lb 
weight,  shown  in  Figure  3.9  is  used  to  counter  the  large 
rebound  force  from  the  compression  spring. 

One  of  the  key  elements  of  the  penetration  system  is 
the  quick  exhaust  valve.  Figure  3.12(a).  This  valve  is  used 
to  expel  the  air  inside  the  cylinder  as  quickly  as  possible. 
As  previously  mentioned,  once  the  position  switch  triggers 
the  exhaust  side  of  the  directional  control  valve,  the  air 
into  the  cylinder  is  cutoff,  port  1  closed,  and  the  air 
begins  to  exhaust  from  port  2  to  port  3  through  the 
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Figure  3.11  Air  Cylinder,  Piston  and  Compression  Spring 


Figure  3.12  Quick  Exhaust  Valve 
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directional  control  valve,  since  the  openings  inside  the 
directional  control  valve  are  relatively  small,  the  air  does 
not  escape  fast  enough  through  the  valve.  However,  the  drop 
in  pressure  from  the  directional  control  valve  creates  a 
backpressure  on  the  quick  exhaust  valve  diaphragm  which 
"instantly"  dumps  the  air  out  of  its  large  3/4"  exhaust 
port.  Figure  3.12(c).  Figure  3.12(b)  shows  the  filling  of 
the  air  cylinder  through  the  exhaust  valve  while  Figure 
3.12(c)  shows  the  air  exhausting  out  the  valve.  Notice  the 
pressure  of  the  in-coming  air  forces  the  diaphragm  to  block 
the  exhaust  port  during  filling  and  the  backpressure  causes 
the  diaphragm  to  seal  the  "in"  port  during  the  exhaustion 
phase . 

3.4.3  Control  System 

The  control  system  consists  of  the  piston  position 
switch,  the  directional  control  valve,  the  toggle  switch, 
the  digital  blow  counter,  and  the  vertical  tape  measure. 

The  purpose  of  the  control  system  is  to  direct  the  air  flow 
into  and  out  of  the  cylinder.  When  the  piston  is  at  the 
bottom  (striking)  position,  high  pressure  air  flows  through 
the  normally  open  solenoid  valve  into  the  quick  exhaust 
valve  and  then  into  the  cylinder.  The  piston  rises  and 
eventually  aligns  with  the  top  position  switch.  The  top 
position  switch  is  a  magnetic  operated  switch  that  is 
activated  when  the  piston  travels  near  its  position.  The 
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magnet,  mounted  in  the  piston,  closes  the  top  position 
switch  which  sends  a  12  VDC  impulse  to  the  solenoid  valve. 
The  solenoid  valve  then  ceases  the  flow  of  air  into  the 
piston  and  forces  the  air  to  escape  through  its  exhaust 
port. 

The  other  control  components  are  the  trigger  switch  and 
the  digital  blow  counter.  The  trigger  switch  is  used  to 
pulse  the  fill  side  of  the  directional  control  valve  as 
discussed  in  the  previous  section.  The  digital  blow  counter 
is  activated  by  the  impulse  from  the  position  switch.  Each 
time  the  piston  rises  to  the  top  position,  the  counter  is 
pulsed.  A  measuring  rod,  divided  into  tenths  of  an  inch,  is 
used  to  measure  the  penetration. 

3.4.4  Power  System 

The  power  system  Includes  the  gas  powered  motor,  air 
compressor,  air  tank,  and  12  volt  DC  battery.  A  light¬ 
weight  gas  powered  motor  ideally  should  run  the  air 
compressor.  However,  the  focus  of  this  research  was  to 
design  and  develop  a  penetration  system.  It  was  decided 
that  an  electric  air  compressor  run  by  a  gas  powered 
generator  would  suffice  to  supply  the  90  psl  air  pressure. 

A  12  volt  DC  battery  was  used  to  power  the  solenoids, 
digital  blow  counter  and  the  position  switches. 

An  alternative  power  method  was  evaluated  to 
lower  the  total  weight  of  the  power  equipment.  Light  weight 
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high  pressure  aluminum  air  tanks  were  investigated  for 
possible  use  to  replace  the  gas  powered  motor  and  air 
compressor.  The  high  pressure  cylinders  were  rated  in  the 
range  of  1800  to  3000  psl. 

The  typical  unsurfaced  landing  strip  for  a  C-130  is 
3500  feet  long  and  60  feet  wide.  Based  on  manual  DCP 
testing,  one  test  location  might  require  150  blows.  With  an 
average  of  20  tests  per  landing  site,  the  required  number  of 
blows  per  landing  strip  is  3000.  Since  the  air  cylinder  is 
2.5  Inches  diameter  and  the  piston  stroke  is  a  maximum  of 
three  inches,  the  volume  of  air  required  per  blow  is  0.0085 
cubic  feet.  The  total  required  air  volume  is  then  25  cubic 
feet  at  100  psi. 

The  available  high  pressure  cylinder  can  provide  0.077 
cubic  feet  at  3000  psl  and  which  equates  into  2.2  cubic  feet 
of  compressed  air  at  100  psl.  This  translates  into 
requiring  12  high  pressure  air  cylinders  which  weigh  6.5  lbs 
each.  Therefore  it  was  concluded  that  the  high  pressure  air 
cylinder  was  not  an  acceptable  option  for  providing  air 
pressure  to  the  penetration  system. 


CHAPTER  4 


SPECTRAL  ANALYSIS  OF  SURFACE  WAVE  EQUIPMENT 

4.1  Introduction 

An  Important  parameter  which  can  be  used  to  predict  the 
behavior  of  a  soil  skeleton  is  the  shear  modulus. 
Geotechnical  engineers  often  use  seismic  methods  to  obtain  a 
measure  of  the  shear  modulus.  They  measure  the  velocity  of 
a  shear  wave  passing  through  a  material  and  then  relate  this 
to  the  Shuar  modulus  by  a  fundamental  relationship.  The 
most  common  methods  of  shear  wave  velocity  measurement  are 
the  crosshole  and  downhole  methods.  However,  these  methods 
require  either  boreholes  or  that  probes  be  placed  in  the 
ground.  This  is  time  consuming,  expensive,  and,  depending 
on  site  conditions,  may  be  difficult  to  accomplish. 

A  relatively  new  seismic  method,  known  as  the  Spectral 
Analysis  of  Surface  Waves  (SASW) ,  is  an  alternative  method 
which  uses  no  intrusive  procedures.  Figure  4.1.  A  vertical 
load  is  applied  to  the  ground  and  surface  waves  are 
monitored  by  receivers  placed  on  the  ground  surface  at 
various  distances  apart  from  each  other.  A  digital  signal 
analyzer,  microcomputer,  and  SASW  software  ^re  used  to 
collect,  sort  and  analyze  the  signals  and  run  an 
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Figure  4.1  Source-Receiver  Configuration  of  SASW  Equipment 
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inversion  program  that  produces  a  shear  wave  velocity  and 
shear  modulus  profile. 

The  SASW  method  is  described  in  detail  in  Chapter  Two's 
literature  review,  Section  2.4.  This  chapter  will 
concentrate  on  describing  the  equipment  used  in  this 
research  to  run  the  SASW  test  method.  It  includes  a 
discussion  on  the  digital  signal  analyzer,  signal  receivers 
and  impact  source.  The  SASW  research  was  carried  out  with 
equipment  bought  by  the  Florida  DOT  and  loaned  to  the 
researcher . 

4.2  Digital  Signal  Analyzer 

The  digital  signal  analyzer  used  in  this  research  was  a 
HP  35665  Dual  Channel  Dynamic  Signal  Analyzer,  Figure  4.2. 
The  signal  analyzer  is  used  to  capture,  store  and  process 
the  receiver  outputs.  The  signal  analyzer  is  capable  of 
calculating  Fast  Fourier  Transforms  (FFT)  on  recorded  data 
in  real  time.  This  FFT  capability  at  the  testing  site 
allows  the  operator  to  view  the  quality  of  data  collected 
and  make  modifications  to  elwher  the  source  or  signal 
analyzer.  According  to  Stokoe  et  al.  (1988),  the  reason  for 
using  spectral  analysis  is  that  data  can  be  evaluated  that 
could  not  be  easily  gathered  by  using  the  time  domain.  For 
example.  Figure  4.3(a)  displays  a  signal  in  the  time  domain 
while  Figure  4.3(b)  displays  a  signal  in  the  frequency 
domain.  The  waves  in  Figure  4.3(a)  are  relatively 


Figure  4.2  HP  35665  Dual  Channel  Dynamic  Signa 
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Figure  4.3  Complex  Signal  in  Time  and  Frequency  Domain 
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indistinguishable  from  each  other  while  in  Figure  4.3b  are 
much  more  pronounced.  Each  wave  and  its  relative 
contribution  to  the  waveform  are  observed  while  the 
amplitude  and  phase  of  each  frequency  are  easily  identified 
in  the  frequency  domain. 

A  second  reason  for  using  the  spectral  analysis 
techniq[ue  is  that  most  of  the  data  obtained  in  the  frequency 
domain  do  not  require  a  synchronized  signal.  The  averaging 
of  input  signals  and  the  inherent  trigger  delays  do  not 
necessarily  affect  the  data  as  they  would  in  the  time 
domain.  Lastly,  the  frequency  domain  simplifies  the 
mathematical  operations  and  is  similar  to  solving  non- 
integer  exponents  using  a  logarithmic  technique. 

The  signal  analyzer  records  the  time  histories  of  the 
two  receivers,  x(t)  and  y(t) .  These  time  histories  are 
transformed  to  the  frequency  domain  resulting  in  the  linear 
spectra  of  the  two  signals.  A  cross  power  spectrum,  Gy,(f), 
is  then  generated  by  multiplying  Y(f)  by  the  complex 
conjugate  of  X(f) .  The  coherence  function  is  created  in  a 
similar  manner.  The  cross  power  spectrum  and  coherence  are 
both  generated  by  the  signal  analyzer  and  are  shown  in 
Figiire  4.4.  The  coherence  function  is  the  signal  to  noise 
ratio  and  should  be  nearly  one  for  acceptable  data. 
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Figure  4.4  Phase  of  the  Cross  Power  Spectrum  and  the 
Coherence  Function 
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4.3  Signal  Receivers  and  Impact  Source 

In  general,  the  range  of  frequencies  governs  the  choice 
of  receivers.  Velocity  transducers  or  geophones  (1-4.5  Hz) 
work  well  with  soil  sites  that  have  frequencies  between  1 
and  500  Hz.  Piezoelectric  accelerometers,  used  for  high 
frequency  tests,  are  used  on  pavements  with  frequencies 
between  1  kHz  to  50  kHz.  A  piezoelectric  accelerometer 
utilizes  a  mass  in  direct  contact  with  some  type  of 
piezoelectric  component.  When  a  varying  motion  is  applied 
to  the  accelerometer,  the  mass  causes  a  force  against  the 
piezoelectric  component  which  causes  a  proportional 
electrical  charge  to  occur.  This  charge  is  then  amplified 
and  used  as  an  input  for  the  digital  analyzer.  To  optimize 
the  amount  of  data  collected,  accelerometers  are  used  at 
close  spaclngs  with  high  frequencies  while  geophpones  are 
used  at  larger  spacings  where  low  frequency  R-waves  are 
prevalent. 

The  distance  between  receivers  is  based  on  the  recpilred 
depth  of  the  shear  wave  velocity  profile.  For  example, 
receiver  spaclngs  of  0.5  to  2  feet  would  be  used  for  a  near 
surface  investigation  while  1  to  200  feet  are  used  at  sites 
where  depth  is  Important.  Figure  4.5  shows  some  typical 
receiver  spacing  arrangements  used  for  near  surface 
investigations  such  as  for  an  unsurfaced  airfields. 

It  was  generally  found  that  a  three  foot  spacing 
between  receivers  was  the  most  efficient  spacing.  During 


126 


•12  -6  -4  ( 

.  4  8  12 

OistanOj^/^ 

Soacina.fi 

1  1  1  1  1  1  2 

tz 

2^1  1  1  1  "i-r- 

1 

Oi 

n 

VOtfophona  £- 
k  Sourci 

1 

2. 

LJL 

jslJ 

JZ 

2 

f  _ 

J _ i 

-JZ 

4 

V 

7  4 

8 

k  7 

2 

Figure  4.5  Receiver  Spacing  Arrangements  for  SASW  Testing 
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th«  SASW  unsurfaced  airfield  testing,  the  main  Impact  source 
was  the  manual  DCP  as  shown  in  Figure  4.6.  It  was  found 
that  the  DCP  was  an  excellent  source  with  spacing  between 
three  and  nine  feet.  It  is  generally  accepted  that  the 
spacing  between  receivers  is  approximately  equal  to  the 
depth  surveyed.  Since  the  CCT  member  is  interested  in  the 
first  24  inches  of  the  unsurfaced  runway,  it  was  decided 
that  a  three  foot  Interval  would  be  acceptable. 
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Figure  4.6  Manual  DCP  Used  as  Impact  Source  for  SASW 
Testing 


CHAPTER  5 


FIELD  TESTING  AND  CORRELATION  OF  THE  AUTOMATED  AIRFIELD 
DYNAMIC  CONE  PENETROMETER  (AADCP)  WITH  THE  MANUAL  DYNAMIC 

CONE  PENETROMETER  (DCP) 


5.1  Introduction 

Th«  purposo  of  this  chaptsr  is  to  present  and  discuss 
the  results  of  the  Dynamic  Cone  Penetrometer  (DCP)  and  the 
Automated  Airfield  Dynamic  Cone  Penetrometer  (AADCP)  field 
testing.  The  chapter  will  describe  the  various  sites  used 
for  testing,  present  DCP  field  repeatability  and  DCP-AADCP 
correlation  testing. 

5.2  site  Locations 

The  selection  of  sites  for  the  DCP  reliability  testing 
was  based  primarily  on  soil  classifications.  The  major 
classifications  found  in  the  Alachua  County  area  were  sand, 
silt-sand  and  clay.  It  was  decided  to  locate  two  sites  in 
each  type  of  soil.  In  addition  to  these  six  sites  an  FDOT 
test  pit  was  also  used  to  ensure  testing  in  uniform 
conditions,  for  a  total  of  seven  sites.  The  geographic 
locations  of  the  sites  are  shown  in  Figures  5.1,  5.2  and 
5.3.  A  soil  classification  summary  is  shown  in  Figure  5.4. 
The  sites  and  their  corresponding  numbers  are: 
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sissies^ 


ARCHER  LANDFILL 
MAGUIRE  HOUSING  AREA 
LAKE  AUCE  PARKING  LOT 
LAKE  AUCE  SHORE  UNE 
SW24THAVE 
NEWBERRY  FARM 
FOOT  TEST  PIT  #1 


Figure  5.1  Geographic  Locations  of  Field  Testing  Sites 


13TH  STREET 
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MAGUIRE 
FIELD  #2 


BLEDSOE  DRIVE 


LAKEAUCE 


Figur«  5.2  UF  Campus  Testing  Sites 


Figure  5.3  Off  Campus  Testing  Sites 
(A)  Archer  Landfill  (B)  Newberry  Farm 
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SITE  LOCATION  SOIL  PROFILE 


Figure  5.4  Soil  Classification  Site  Summary 
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Archer  Landfill  (1),  Maguire  Field  (2),  Lake  Alice  Parking 
Lot  (3),  Lake  Alice  Shore  Line  (4),  SW  24  AVE  Quarry  (5), 
Newberry  Fam  (6)  and  FOOT  Teat  Pit  #1  (7) .  The  Archer 
landfill,  Maguire  Field,  and  FOOT  Teat  Pit  #1  are  the  sand 
sites,  the  Lake  Alice  Parking  Lot  and  Shore  Line  are  the 
silty-sand  sites,  and  the  Newberry  Farm  and  SW  24  AVE  Quarry 
are  the  clay  sites. 

5.3  Manual  DCP  Reliability  Testing 
5.3.1  Testing  Objectives 

The  objectives  of  reliability  testing  of  the  manual  DCP 
were  threefold.  First,  the  reliability  testing  will  re¬ 
establish  that  the  manual  DCP  is  a  repeatable  and  consistent 
instruBient  in  the  ,.ield.  Previous  research  such  as  Smith 
and  Pratt  (1983)  and  Livneh  and  Ishai  (1989)  have 
established  that  the  manual  DCP  is  more  repeatable  than  the 
CBR  test.  In  this  research  it  is  intended  to  establish  the 
consistency  of  the  manual  DCP  by  performing  DCP  testing  at 
the  six  field  sites.  The  second  objective  was  to  use  the 
reliability  testing  to  provide  the  author  the  opportunity  to 
become  completely  familiar  with  the  manual  DCP  and  to 
evaluate  its  advantages  and  disadvantages  prior  to 
developing  an  automated  version.  The  third  objective  of  the 
reliability  testing  was  to  locate  and  analyze  six  sites  to 
determine  their  suitability  for  later  manual  and  automated 
DCP  correlation  testing.  Borings  were  made  the  at  six  sites 
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and  tha  soil  analyzed  to  ensure  the  sites  covered  the  sand, 
silty-sand,  and  clay  classifications  discussed  in  the 
previous  section. 

5.3.2  Testing  Procedures 

Prior  to  the  manual  DCP  reliability  testing  borings 
were  made  to  a  depth  of  48  inches  to  determine  the  layering 
of  the  soil.  A  hand  auger  was  used  and  samples  were  placed 
in  glass  specimen  jars  for  laboratory  classification 
testing.  The  results  of  the  laboratory  testing  are  shown  in 
Figure  5.4.  Next,  a  small  grid  was  etched  on  the  ground 
with  the  bore  hole  in  the  center.  Generally,  the  pattern 
used  was  as  sho%m  in  Figure  5.5.  Six  manual  DCP  tests  were 
performed  around  each  borehole  with  spacing  between  tests  of 
six  to  twelve  Inches. 

The  manual  DCP,  as  described  earlier  in  Chapter  2,  is  a 
falling  weight  penetrometer  that  measures  the  bearing 
strength  of  shallow  soils.  The  17.6  lb  weight  is  raised 
manually  by  the  operator  and  is  released  to  impact  an  anvil 
22.6  Inches  away.  The  impact  is  transferred  to  the  cone  tip 
through  a  48  inch  long  rod.  Two  operators  are  required  to 
run  the  test  with  one  lifting  the  hammer  and  the  other 
recording  penetrations  after  each  blow.  It  is  important  for 
the  operator  to  keep  the  Instrument  as  vertical  as  possible 
to  prevent  side  friction  from  effecting  the  penetration 
results.  Also,  the  operator  lifting  the  weight  should  be 


DCP  TEST  SITE 


BOREHOLE 


Figure  5.5  DCP  Reliability  Test  Pattern 
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careful  to  consistently  lift  the  weight  to  the  top  of  the 
stroke  and  resist  leaning  on  the  Instrument  after  each  blow. 

Once  the  DCP  has  completely  penetrated  the  ground, 
the  operator  uses  the  hammer  to  Impact  the  DCP  out  of  the 
ground.  Because  the  cone  tip  (20  mm)  Is  larger  than  the  rod 
diameter  (16  mm)  it  is  sometimes  very  difficult  to  extract 
the  rod.  At  times  the  amount  of  energy  to  pull  the  rod  out 
of  the  ground  is  greater  than  the  energy  required  to  put  it 
in.  Webster  et  al.  (1991)  solved  this  problem  by  designing 
a  disposable  cone  tip.  This  research  did  not  use  the 
disposable  tips  but  recommend  their  use  in  the  final  version 
of  the  AADCP. 

5.3.3  Tilt  RilUlti 

The  DCP  reliability  testing  results  come  in  the  form  of 
several  plots.  The  Archer  Landfill  site  was  selected  as  a 
site  for  discussion.  This  site  consisted  of  very  uniform, 
medium  dense  sand.  Results  from  all  the  sites  are  presented 
in  Appendix  A  in  their  entirety.  Table  5.1  presents  the  raw 
data  from  the  Archer  Landfill  site  and  also  the  CBR 
estimations  obtained  from  known  empirical  relationships. 

The  left-hand  side  of  the  table  presents  the  cumulative 
penetrations  per  blow.  For  example,  on  the  tenth  blow  the 
six  manual  DCP  tests  had  penetrated  11.0,  11.4,  11.8,  11.8, 
11.4,  and  11.0  inches,  respectively.  The  middle  section  of 
the  table  calculates  the  DCP  penetration 
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Tabltt  5.1  Manual  DCP  Raw  Data  and  CBR  Estimations 
(Archer  Landfill) 
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index.  This  index  is  the  penetration  per  blow.  An 
enpirical  formula  relates  the  DCP  index  to  the  CBR  value 
which  is  shoiim  on  the  right-hand  side  of  the  table.  The 
empirical  formula  used  is  from  Webster  et  al.  (1992)  and  was 
discussed  in  Chapter  2: 

Log  CBR  -  2.46  -  1.12  (Log  DCP)  (5.1) 

Figures  5.6  and  5.7  graj^  the  information  presented  in  Table 
5.1.  Figure  5.6  plots  the  number  of  blows  versus 
penetration  into  the  ground.  The  slope  of  the  curve  in 
Figure  5.6  is  the  DCP  index  at  that  depth.  A  change  in 
slope  indicates  a  change  in  the  strength  of  the  ground 
penetrated.  If  the  slope  is  steep  then  the  material  is 
relatively  weak  because  it  takes  relatively  few  blows  to 
penetrate  a  set  distance.  However,  if  the  slope  is  shallow 
then  the  material  is  relatively  strong  because  it  requires 
many  blows  to  penetrate  the  same  depth. 

Figure  5.7  plots  depth  versus  the  CBR  calculated  using 
Webster's  empirical  CBR-DCP  relationship.  Table  5.2  shows 
the  data  used  to  plot  Figure  5.7.  In  this  figure  the 
average  CBR  is  calculated  over  five  inch  intervals  to  a 
depth  of  35  inches  per  test.  Also  shown  are  site  averages, 
standard  deviations  and  coefficient  of  variability  for  each 
depth  of  interest.  The  numbers  in  Table  5.2  were  calculated 
using  a  spreadsheet  macro.  The  purpose  of  the  macro  was  to 
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Figure  5.6  Manual  DCP  Blows  vs  Penetration 
(Archer  Landfill) 


142 


Figure  5.7  Estimated  CBR  Profile 
(Archer  Landfill) 
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Table  5.2  Average  Estimated  CBR  Calculations 

(Archer  Landfill) 


1 

AVG 

CBR 

1 

AVG 

CBR 

2 

AVG 

CBR 

3 

AVG 

CBR 
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AVG 

CBR 

5 

AVG 

CBR 
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CBR 
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ST 

DEV 

cv 

-5 

4.8 

B 

B 

3.8 

3.5 

3.8 

3.8 
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13.6 

-10 
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12.3 
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15.8 

12.7 

B 

14.8 
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27.2 

25.3 

22.6 

21.5 

21.6 

21.2 

23.3 

2.3 

-20 

38.8 

39.2 

37.4 

35.3 

34.5 

38.8 

37.3 

1.8 

B 

-25 

42.2 

42.2 

39.8 

42.2 

40.2 

40.2 

41.1 

B 

2.6 

-30 

36.8 

38.3 

35.8 

38.8 

40.6 

40.6 

38.5 

1.8 

B 

-35 

35.7 

35.7 

33.4 

36.7 

35.0 

34.5 

35.1 

2.9 

*  Depth  is  in  Inches 
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calculate  the  CBR  value  at  specific  depths.  The  macro 
averages  the  CBR  values  in  a  range  of  2.5  inches  above  and 
below  the  specified  depth.  The  spreadsheet  macro  compares 
estimated  CBR  values  at  a  specific  depth  and  writes  the 
average  CBR  value  over  a  five  inch  interval  for  each  test  as 
shown  in  Table  5.2.  Table  5.3  is  a  summary  of  the  standard 
deviations  and  Table  5.4  is  a  summary  of  the  coefficients  of 
variability  of  the  six  sites.  The  standard  deviation  (s)  is 
a  measure  of  the  variability  of  the  CBR  while  the 
coefficient  of  variation  (CV)  is  a  measure  of  the  CBR's 
relative  dispersion  from  the  mean.  Their  respective 
equations  are: 


.  (5.2) 

^  in-l)  ^ 

CV  .  I  (5.3) 

5.3.4  Discussion  of  Results 

The  objectives  of  the  reliability  testing  were  to  re¬ 
establish  the  reliability  of  the  DCP,  to  evaluate  the 
advantages  and  disadvantages  of  the  DCP  prior  to  prototype 
development,  and  to  locate  sites  suitable  for  DCP-AADCP 
correlation  testing.  The  following  discussion  is  based  on 
these  objectives. 
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Table  5.3  Summary  of  Standard  Deviations  in  DCP 
Reliability  Testing  at  Six  Sites 
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Table  5.4  Summary  of  the  Coefficient  of  Variability  in 
DCP  Reliability  Testing  at  Six  Sites 


MEAN 

DEPTH 

(INCHES) 

ARCHER 

LANDFILL 

CBR 

MAGUIRE 
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CBR 

LAKE  ALICE 
SHORE  LINE 
CBR 
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15.8 
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3.6 

20.5 
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It  can  be  seen  from  the  Archer  Landfill  data  and  the 
corresponding  data  In  Appendix  A  that  the  DCP  provides  both 
reliable  and  consistent  results  when  tested  in  a  uniform 
insitu  site.  Note  in  Figures  5.6  and  5.7  at  the  Archer 
Landfill  site  that  the  six  tests  plot  in  a  narrow  band. 
Maguire  Field,  Lake  Alice  Shore  Line  and  Parking  Lot 
demonstrate  similar  results  for  the  six  field  tests. 

Howc'ver,  the  Newberry  Farm  and  SW  24th  Ave  Quarry  sites  have 
some  dispersion  in  their  respective  blow  vs  penetration 
plots.  This  dispersion  signifies  that  the  two  sites  have  a 
non-uniform  pnoflle. 

During  DCP  field  repeatability  testing,  the  advantages 
and  disadvantages  of  the  DCP  testing  device  were  noted.  The 
advantages  of  the  DCP  device  were: 

(a)  its  ease  of  operation 

(b)  low  maintenance 

(c)  high  mobility 

(d)  the  dat'  reduction  procedures  were  simple  and 
basic  enough  for  someone  at  any  engineering  level  to 
accomplish.  The  disadvantages  were: 

(a)  labor  intensive  over  long  periods  of  time 
(especially  in  a  stiff  soil) 

(b)  penetration  rod  difficult  to  remove  from  ground 

(c)  rec[uires  two  full  time  operators 

(d)  hximan  error  possible,  e.g.,  miscounting  blows 

In  order  to  evaluate  the  sites  for  possible  use  in  the 
DCP-AADCP  correlation  testing  an  evaluation  of  the  field 
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data  is  required.  A  discussion  of  the  results  of  the  DCP 
reliability  testing  begins  with  Figure  5.6.  This  plot  is 
the  penetration  of  the  DCP  with  number  of  blows.  The  first 
item  of  Interest  in  this  plot  is  the  change  in  slope  at  a 
depth  of  approximately  twelve  inches.  This  change  in  slope 
from  relatively  steep  to  shallow  indicates  a  stiffer 
underlying  soil  which  requires  more  blows  to  penetrate. 
Additionally,  Figure  5.6  reveals  that  a  fairly  consistent 
bearing  layer  exists  from  about  12  to  35  Inches.  Figure  5.7 
is  a  profile  of  the  estimated  CBR  using  the  WES  CBR-DCP 
relationship  developed  by  Webster  et  al.  (1992)  .  This 
figure  basically  emulates  Figure  5.6  since  it  is  based  on 
the  DCP  penetration  index  values.  This  plot  shows  an 
increasing  CBR  profile  up  to  a  depth  of  25  Inches  followed 
by  a  slight  reduction  between  25  and  35  inches. 

Another  point  that  should  be  made  about  Figures  5.6  and 
5.7  is  the  repeatability  of  the  DCP.  Since  the  Archer 
Landfill  site  was  a  soil  site  with  a  uniform  sand,  it  is  not 
surprising  to  see  how  close  the  six  tests  were  to  each 
other.  Tables  5.2,  5.3,  and  5.4  demonstrate  just  how  close 
the  six  tests  at  each  of  the  sites  compared  to  each  other. 
Since  the  standard  deviation  and  the  coefficient  of 
variation  measure  test  variances  and  repeatability  they 
provide  a  good  means  of  comparing  successive  tests.  Livneh 
and  Ishal  (1989)  suggested  that  a  CV  value  of  30  was  a 
representative  value  obtained  for  the  field  CBR  test.  This 
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value  can  then  be  used  to  evaluate  DCP  reliability  testing 
and  determine  whether  the  DCP  instrument  is  suitable  for 
correlation  testing. 

It  can  be  seen  from  the  coefficient  of  variation 
summary,  Table  5.4,  that  some  sites  have  higher  variability 
than  others.  The  Archer  landfill  site  reads  the  best  with 
CV  values  well  under  30  while  the  SW  24th  Ave  Quarry  site 
reads  the  worst  with  values  of  50.  The  two  clay  sites,  SW 
24  AVE  Quarry  and  Newberry  Farm,  were  surrounded  by  non- 
uniform  soil  layering.  The  Quarry  clay  site  is  located  on 
top  of  some  soft  limestone  with  sporadic  layering  of  a  tan 
sand.  The  Newberry  farm  site  is  also  located  in  a  non- 
uniform  site  with  several  sinkholes  known  to  be  present.  The 
low  coefficient  of  variation  values  found  at  the  sand  and 
silty-sand  sites  indicate  that  the  DCP  test  can  be  used,  at 
these  sites,  as  a  standard  with  which  other  devices  can  be 
compared.  Therefore,  correlation  testing  should  be 
performed  only  at  Archer  Landfill,  Maguire  Field,  Lake  Alice 
Shore  Line,  Lake  Alice  Parking  Lot,  and  in  the  FDOT  site. 

5.4  Manual  DCP  vs  AADCP  Testing 
5.4.1  Test  Objectives 

The  major  objective  of  the  DCP  vs  AADCP  testing  was  to 
produce  field  testing  data  that  could  be  used  to  correlate 
the  two  instruments.  The  correlation  could  then  be  used  to 
estimate  a  DCP  penetration  index.  This  index  can  then  in 
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turn  be  used  to  estimate  a  CBR  profile  of  the  testing  site. 
The  thrust  of  the  DCP-AADCP  testing  involved  penetration 
field  testing  at  the  sites  discussed  in  Section  5.2. 
Additional  comparative  testing  was  accomplished  by 
statistically  measuring  the  repeatability  of  the  AADCP  and 
manual  DCP  instruments.  Finally,  AADCP  blow  rate  was  tested 
to  determine  if  it  has  any  bearing  on  test  results. 

5.4.2  Correlation  Test  Sites  and  Procedures 

Correlation  testing  was  performed  at  five  sites;  FOOT, 
Archer  Landfill,  Maguire  Field,  Lake  Alice  Parking  Lot,  and 
Lake  Alice  Shore  Line.  The  first  DCP-AADCP  correlation 
testing  was  carried  out  in  Test  Pit  #1  at  the  FDOT 
facilities  on  Waldo  Road.  This  site  was  chosen  for  its 
uniform,  stiff  sand  properties.  It  consisted  of  48  inches 
of  uniform  Fairbanks  sand  with  an  average  surface  CBR  of  30. 
Three  manual  DCP  and  three  AADCP  tests  were  performed  in  a 
test  pattern  spacing  six  to  twelve  Inches  apart.  Figure  5.8. 

The  manual  DCP  was  performed  at  all  sites  in  a  standard 
manner  as  described  in  Chapter  2.  The  AADCP  testing 
consisted  of  attaching  the  air  supply  to  the  pneumatic 
cylinder,  connecting  the  12  VDC  battery  to  the  three-way 
solenoid  valve  and  attaching  a  measuring  rod  to  the 
instrument.  Air  pressure  was  released  into  the  air  lines  at 
about  100  psl  pressure  which  was  required  to  compress  the 
spring.  The  hand  switch  was  used  to  trip  the  solenoid 
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DCP  TEST  SITE 


AADCP  TEST  SITE 


Figure  5.8  DCP-AADCP  Correlation  Test  Configuration 
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valve  to  allow  air  into  the  air  cylinder  while  the  counter 
was  triggered  to  measure  the  number  of  blows.  The  hand- 
switch  allowed  air  into  the  cylinder  while  the  position 
switch  was  used  to  redirect  the  air  out  of  the  cylinder  and 
release  the  hammer.  Generally,  a  measurement  was  made  every 
five  blows.  The  stiffer  the  soil,  the  greater  the  number  of 
blows  before  a  measurement  was  made,  generally  five  to  ten 
blows . 


5.4.3  Correlation  Test  Results 

The  results  of  correlation  testing  at  the  five  sites 
are  shown  in  Figures  5.9,  5.10  and  5.11.  These  figures 
present  the  regression  used  to  correlate  the  DCP  and  AADCP 
test  instruments.  In  Figure  5.9,  the  equation  which  fits 
all  the  data  is: 

DCP  »  2.27  AADCP  -  0.12  (5.4) 

The  arithmetic  regression  technique  was  chosen  over  log-log 
or  semi-log  formats  because  of  its  higher  R-squared  value. 
The  R-squared  value  is  a  measure  of  how  well  the  data  fit 
the  line.  A  value  greater  than  0.90  is  usually  considered 
to  indicate  a  good  fit.  The  arithmetic  R-squared  value  for 
all  five  sites  was  0.85  while  the  log  and  semi-log  values 
were  somewhat  less  than  0.85.  Each  point  on  Figure  5.9 
represents  the  penetration  index  of  each  Instrument  at  the 


153 


Figure  5.9  Sand  and  Silty-Sand  Arithmetic  Correlation  of 
DCP  and  AADCP  Instruments 
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Figure  5.10 


Sand  Arithmetic  Correlation  of  DCP  and  AAOCP 
Instruments 


155 


Figure  5.11  Silty-Sand  Arithmetic  Correlation  of  DCP  and 
AADCP  Instruments 
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sane  depth.  The  penetration  index  is  the  increment  of 
penetration  for  one  blow  and  is  measured  as  Inches  per  blow. 
Figure  5.9  includes  all  five  sites.  Figures  5.10  and  5.11 
present  correlations  for  the  sand  and  silty-sand  sites, 
respectively.  Their  respective  correlation  equations  and 
R-squared  values  are: 

Sand:  DCP  -  2.30  AADCP  -  0.04  -  0.94  (5.5) 

Silty-Sand:  DCP  -  0.02  AADCP  -  0.46  R^  -  0.00  (5.6) 

Using  Ec[uation  5.5  for  sands,  a  plot  of  estimated  DCP 
penetration  index  (from  AADCP  results)  and  actual  DCP 
indexes  versus  depth  was  created.  Equation  5.5  was  used  for 
all  the  sand  sites  while  Equation  5.4  was  used  for  the 
silty-sand  sites.  Equation  5.6  was  not  used  since  the  R^ 
value  was  so  low  which  essentially  means  that  no  practical 
correlation  exists  which  will  fit  the  line.  Figure  5.12  is 
an  example  of  the  penetration  index  vs  depth  plot  from  the 
Maguire  Field  testing  site.  This  plot  was  created  by  first 
obtaining  DCP  and  AADCP  penetration  Indexes  at  equivalent 
depths  using  the  number  of  blows  versus  depth  data  in  the 
field.  These  points  correspond  with  the  AADCP  and  DCP 
symbols  on  Figure  5.12.  Figure  5.13  is  an  example  of  number 
of  blow  vs  depth  plot  used  in  the  penetration  index 
calculations.  Spreadsheets  shown  in  Appendix  C  were  used  to 
help  organize  and  calculate  these  values.  AADCP  values  were 
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Figure  5.12  Penetration  Index  Profile  From  AADCP 
and  DCP  Instruments  (Maguire  Field) 
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♦  AAOCPI  ■*.  AAOCP2  AA0CP3 
□  OCP1  a  DCP2  n  DCPJ 


Figure  5.13  Number  of  Blows  Versus  Depth  of  AADCP  and  DCP 
Test  Instruments  at  Maguire  Field 
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plugged  Into  Equation  5.5  at  their  respective  depths  to 
obtain  (estimated)  values  of  the  penetration  index  for 
comparison  with  the  actual  DCP  penetration  index  values. 
These  correlation  points  are  labeled  with  filled  triangles 
in  Figure  5.12.  Based  on  field  data  measurements,  Equation 
5.5,  and  Webster's  (1992)  DCP-CBR  correlation,  the  AAOCP  can 
be  used  to  estimate  CBR  bearing  values  at  a  site.  Figure 
5.14  shows  a  CBR  profile  of  Maguire  Field  using  this  method. 

An  experiment  was  conducted  using  different  AADCP  blow 
rates.  Results  are  presented  in  Figure  5.15.  A  total  of 
four  tests  were  performed  with  two  different  blow  rates.  A 
blow  rate  of  10  blows  per  minute  (bpm)  was  selected  to 
simulate  manual  testing  of  the  DCP  while  the  30  bpm  rate  was 
the  fastest  practical  for  the  AADCP.  The  blow  rate  testing 
was  only  accomplished  at  Maguire  Field. 

Correlation  testing  results  are  presented  in  Appendix  C 
in  their  entirety.  For  each  of  the  five  testing  sites, 
tables  used  to  calculate  DCP  and  CBR  values,  plots  of  depth 
vs  blows,  depth  vs  penetration  index  and  depth  vs  CBR  are 
included . 

The  reliability  of  the  AADCP  instrument  can  be 
statistically  measured  by  comparing  the  three  tests  at  each 
site.  The  penetration  Indexes  of  the  three  tests  are 
compared  by  calculating  the  mean,  standard  deviation,  and 
coefficient  of  variation  at  a  particular  depth.  The 
penetration  indexes  are  determined  by  averaging  them  over  a 
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Estimations  of  CBR  Versus  Depth 
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Figure  5.15  Number  of  Blows  Versus  Depth  Using  Two 
Different  Blow  Rates  at  Maguire  Field 
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two  Inch  interval,  one  Inch  above  and  below  the  depth. 
Appendix  C  displays  the  repeatability  data  from  all  the 
testing  sites.  Table  5.5  is  a  summary  of  the  coefficient  of 
variabilities  (CV)  of  the  AADCP  and  DCP  Instruments  for  all 
the  testing  sites.  The  CV  is  the  percentage  of  deviation 
from  the  mean  value  of  the  three  tests  and  is  a  measure  of 
the  relative  dispersion.  As  discussed  in  Section  5.3.3,  the 
coefficient  of  variation  is  a  measure  of  repeatability. 

5.4.4  Discussion  of  Correlation  Test  Results 

The  AADCP-DCP  correlation  results  are  shown  in  Figures 
5.9,  5.10  and  5.11.  The  best  correlation  was  Figure  5.10 
for  sand  sites  with  an  R-squared  value  of  0.94.  The  worst 
correlation  was  Figure  5.11  for  sllty^sand  sites  with  an  R- 
squared  value  of  0.00.  An  R-squared  value  of  0.00  means 
that  there  is  not  one  line  for  which  all  the  data  have  a 
good  fit.  The  reason  for  the  differences  in  R-squared 
values  of  the  sand  and  silty-sand  sites  is  probably  related 
to  the  uniformity  of  the  sites.  Since  it  is  difficult  in 
the  field  to  find  completely  uniform  sites,  spaclal  soil 
variations  can  cause  scatter  in  the  correlations.  The  R- 
squared  value  for  all  the  sites  of  0.85  is  reasonably 
acceptable.  It  was  decided  to  use  the  sand  correlation  for 
the  sand  sites  and  the  sand  and  silty-sand  correlation  for 
the  silty-sand  sites.  Using  Equation  5.4  which  is  based  on 
Figure  5.9, 
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Table  5.5  CV  Values  of  All  Testing  Sites 


SITE 

MIN 

CV 

AAOCP 

MIN 

CV 

DCP 

MAX 

CV 

AADCP 

MAX 

CV 

DCP 

AVG 

CV 

AADCP 

AVG 

CV 

DCP 

ARCHER 

0.00 

0.00 

18.95 

19.68 

11.62 

6.16 

MAGUIRE 

B 

0.00 

47.34 

33.07 

18.23 

10.62 

FOOT 

2.37 

0.44 

23.06 

11.30 

10.65 

6.59 

LAPL 

6.73 

3.21 

58.23 

31.53 

28.10 

15.77 

LASL 

3.77 

0.64 

21.65 

19.49 

12.49 

7.58 

AVERAGE 

2.57 

0.86 

33.84 

23.01 

16.22 

9.34 
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it  can  be  stated  that  the  AADCP  requires  about  2 . 3  times 
more  blows  than  the  manual  DCP  to  penetrate  the  same  depth 
in  sands  and  silty-sands.  In  an  attempt  to  measure  the 
force  in  both  automated  and  manual  rods,  dynamic  field 
measurements  of  both  Instruments  were  taken.  Results  are 
presented  in  Appendix  D.  No  conclusions  could  be  reached 
from  the  dynamic  testing  in  comparison  with  the  correlation 
results. 

The  accuracy  of  the  correlation  equations  can  be  seen 
graphically  in  the  estimation  of  DCP  penetration  index  from 
AADCP  data  versus  manual  DCP  values.  Figure  5.12  shows 
results  from  Maguire  Field  site.  The  corresponding  plots 
for  the  other  sites  arc  Included  in  Appendix  C.  In  general, 
the  correlation  equations  did  a  good  job  of  estimating  the 
DCP  penetration  index  values  at  the  three  sand  sites  and  a 
poor  job  of  estimating  the  index  values  at  the  two  silty- 
sand  sites.  The  Maguire  Field  and  FDOT  sites  seemed  to  have 
the  best  results  while  the  two  silty-sand  sites  have  poorer 
correspondence.  Of  course,  the  accuracy  depends  on  the 
correlation  equation.  Notice  in  Figure  5.9  that  the  data 
closest  to  the  regression  line  include  Maguire  Field  and 
FDOT  while  the  data  the  furthest  from  the  regression  line 
include  the  silty-sand  sites.  Consecpiently,  where  the  data 
are  relatively  close  to  the  regression  line,  then  the 
estimated  CBR  data  from  the  AADCP  and  that  from  the  DCP 
devices  are  in  good  agreement.  In  Figure  5.14  the  two 
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•stlmated  CBR's  are  basically  the  same.  The  corresponding 
graph  in  Appendix  C,  Figure  C.25,  for  the  FOOT  site  shows 
that  the  estimated  CBR's  are  the  same  to  a  depth  of  about  12 
inches  and  then  separate  to  a  depth  of  24  inches.  Notice  in 
the  FOOT  DCP  profile  plot,  C.24,  that  at  12  inches  the 
estimated  DCP  and  DCP  values  separate  at  values  of  DCP  less 
than  0.5.  This  is  the  precise  range  in  which  the  FDOT  data 
shown  in  Figure  5.9  are  the  least  accurate. 

It  is  also  concluded  that  the  most  accurate  range  of 
CBR  values  is  between  5t  and  40%.  Note  in  Figure  C.25  that 
the  AADCP  approximately  matches  the  results  of  the  DCP  up  to 
a  CBR  of  35-40%  and  in  Figure  C.IO  the  CBR  is  matched  as  low 
as  3-5%.  Considering  that  the  Webster  (1992)  DCP-CBR 
equation  is  exponential  and  plotted  on  a  log-log  scale,  this 
range  of  CBR  is  acceptable  because  values  less  than  0.2 
Inches/blow  (DCP  index)  can  lead  to  significant  variation  of 
the  CBR  above  40%.  It  was  observed  during  field  testing 
that  values  less  than  0.2  cannot  be  consistently  and 
accurately  recorded.  This  was  due  to  the  graduation  of  the 
measuring  rods.  Notice  that  Webster's  DCP-CBR  correlation 
for  penetration  Indexes  of  0.2  and  0.1  gives  CBR's  of 
approximately  50%  and  100%  respectively. 

An  experiment  was  conducted  using  different  AADCP  blow 
rates  which  simulate  the  manual  DCP  and  the  fastest  AADCP 
rate  practical.  Figure  5.15  shows  an  investigation  into  the 
effect  of  AADCP  blow  rates  on  the  penetration.  There  were 
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two  blow  rates  of  30  blows  per  minute  and  10  blows  per 
minute.  Based  on  Figure  5.15,  it  is  concluded  that  the  blow 
rate  has  no  effect  on  the  penetration  of  the  AADCP  rod. 

This  is  in  agreement  with  the  Livneh  et  al.  (1992)  report 
which  stated  that  penetration  is  unaffected  by  the  rate  of 
blows  of  up  to  60  blows  per  minute. 

Another  conclusion  which  can  be  drawn  from  Figure  5.12 
concerns  the  shape  of  the  AADCP  and  DCP  penetration  index 
curves.  Plots  of  DCP  and  AADCP  penetration  Indexes  versus 
depth  show  that  they  have  the  same  shape  and  therefore 
suggest  that  both  Instruments  detect  changes  in  layer 
stiffness  at  approximately  the  same  depths.  In  Appendix  C, 
the  Lake  Alice  Parking  Lot  and  FDOT  penetration  index  plots, 
C.14  and  C.24,  respectively,  reveal  the  same  agreements. 

The  Archer  Landfill  and  Lake  Alice  Shore  Line  are  less 
conclusive. 

The  results  of  the  reliability  tests  are  presented  in 
Table  5.5.  and  Appendix  C.  The  average  CV  values  for  all 
the  sites  using  the  AADCP  and  DCP  Instruments  are  16.22  and 
9.34,  respectively.  These  values  are  quite  good  and 
demonstrate  that  the  AADCP  and  DCP  test  instrvunents 
essentially  have  the  same  reliability. 

During  the  field  testing,  an  effort  was  made  to 
evaluate  the  advantages  of  the  AADCP  and  DCP  instruments. 

The  following  were  considered  advantages  of  each  device: 
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Advantages  of  the  DCP 

(a)  ease  of  transportation 

(b)  cheaper  to  manufacturer 

(c)  established  correlation  of  over  35  years 

(d)  ease  of  maintenance 
Advantages  of  the  AAOCP 

(a)  ease  of  operation  over  large  number  of  tests 

(b)  field  testing  can  be  performed  by  one  operator 

(c)  digital  blow  counter  reduces  operator  error  i.e., 
miscounting  blows 

(d)  tests  at  a  normal  blow  rate  of  30  bpm  and 
therefore  is  faster  to  perform  than  the  manual  DCP 
blow  rate  of  10  bpm 

(e)  data  acquisition  easier  to  document  with  separate 
measuring  rod 


CHAPTER  6 


EVALUATION  OF  SEISMIC  SURVEYING  FIELD  TESTING  USING  SPECTRAL 
ANALYSIS  OF  SURFACE  WAVES  (SASW)  TECHNIQUE 

6.1  Introduction 

Thtt  purpose  of  this  chapter  Is  to  evaluate  the  Spectral 
Analysis  of  Surface  Waves  (SASW)  technique  as  a  means  of 
assessing  subsurface  special  variations  throughout  a 
simulated  unsurfaced  runway  and  apron.  The  chapter 
discusses  the  test  objectives,  test  sites,  and  test 
procedures  used  to  evaluate  the  testing.  Finally,  the 
results  of  the  SASW  field  testing  are  presented  and 
discussed. 

6.2  SASW  Test  Objectives 

The  objective  of  the  field  SASW  testing  was  to  evaluate 
whether  or  not  the  technique  could  be  used  to  complement  DCP 
testing  of  an  unsurfaced  runway.  It  was  necessary  to 
evaluate  the  sensitivity  of  the  SASW  testing  technique  in 
determining  spaclal  variations  to  a  depth  of  36  inches. 
Comparison  of  shear  wave  velocities  was  used  as  a  means  of 
locating  lower  strength  material  and  of  estimating  the 
surface  layer  thickness  (Roesset  et  al.  1991). 
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6.3  SASW  Test  Sites 

The  test  sites  for  the  SASW  testing  were  chosen  based 
upon  diversity  and  accessibility.  The  first  test  site  was 
the  FOOT  Kanapaha  material  storage  area  off  of  Archer  Road 
in  Gainesville,  Florida.  This  site  consisted  of  a  variable 
layer  of  tan  sand  with  sporadic  soft  limestone  pinnacles 
rising  at  times  to  near  surface  depth.  Figure  6.1  shows  a 
typical  boring  log  from  the  area.  This  site  was  chosen  for 
its  many  variations  within  five  feet  of  the  surface. 

Sixteen  separate  seismic  surveys  were  performed  at  the 
Kanapaha  site.  The  purpose  of  the  large  number  of  tests  was 
to  survey  a  fairly  well  knotm  site  that  contained  small 
limestone  cavities  near  the  surface. 

The  second  test  site  was  located  at  the  Waldo  Road  FOOT 
soil  testing  laboratory.  Test  Pit  #1  consisted  of  a  very 
stiff  10.5  inch  recycled  asphalt  (RAP)  material  overlaying 
a  48  inch  sand  subbase,  Figure  6.2.  This  site  was  chosen 
for  its  stiff  over  soft  layer  geometry  which  simulates  an 
unsurfaced  airfield. 

6.4  SASW  Teat  Procedures 

The  SASW  testing  equipment,  as  described  in  Chapter  4, 
is  sensitive  to  the  environment  and  great  care  should  be 
taken  in  setting  up  the  equipment.  The  digital  analyzer  was 
set  up  first  in  a  central  location  near  the  testing  site.  A 
gas  powered  generator,  which  provided  power  for  the  digital 


Figure  6.1  Kanapaha  Boring  Log  for  SPT-3  near  site  #16 
(Townsend  et  al.  1991) 
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Figure  6.2  FOOT  Test  Pit  #1  RAP  Profile 
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analyzer,  was  located  behind  a  vehicle  to  prevent  errant 
vibrations.  Once  the  test  site  was  chosen,  a  line  of 
testing  was  detemined  with  geophone  spaclngs  of  three  feet 
or  1.5  feet  fron  an  Inaginary  centerline.  The  geophones 
were  leveled  with  nearby  soil  so  that  full  contact  was  made 
with  the  base  of  the  geophone.  The  geophone  cables  were 
connected  to  the  digital  analyzer  in  the  1  and  2  channel 
positions. 

The  digital  analyzer  setup  depends  on  the  type  of 
naterial  being  tested.  In  general,  the  frequency,  record 
length,  pre-trigger,  and  channel  input  ranges  are  determined 
by  a  trial  and  error  procedure.  During  the  testing  at 
Kanapaha,  the  frequency  span  was  set  at  200  Hz,  the  record 
length  was  set  at  one  second,  the  pr a- trigger  was  set  at  10 
percent  of  the  record  length  or  100  milliseconds,  and 
channel  one  and  two  input  ranges  were  set  at  2.0  and  0.5 
volts.  The  channel  input  ranges  are  actually  the 
sensitivities  of  the  geophones.  The  input  ranges  were 
different  because  the  geophone  nearest  the  impact  source 
recpiires  less  sensitivity  than  the  further  geophone. 

With  the  digital  analyzer  and  geophones  in  place,  the 
Impact  source  (DCP)  was  positioned  three  feet  (geophone 
spacing)  away  from  the  number  one  channel  geophone.  One 
blow  from  the  DCP  triggers  the  digital  analyzer  which  first 
displayed  the  signal  in  a  real  time  voltage-time  plot  and 
then  immediately  displayed  the  signal  in  the  frequency 


173 


domain  in  the  form  of  a  phase  of  the  cross  power  and 
coherence  spectra.  A  second  blow  of  the  DCP  triggered  a 
second  real  time  voltage-time  plot,  a  cross  power  and 
coherence  spectra  and  then  immediately  an  average  of  the 
current  and  previous  cross  power  spectrum  signals.  In 
general,  if  the  second  signal  did  not  visibly  differ  from 
the  average  signal  in  shape  and  form,  then  two  signals  were 
adequate.  However,  the  dlgix.al  analyzer  could  average 
several  signals  if  required. 

The  cross  power  and  coherence  spectra  were  reviewed 
carefully  to  determine  if  the  coherence  was  approximately 
equal  to  one  and  that  no  obvious  extraneous  vibrations  or 
reflections  were  recorded.  However,  if  part  of  the 
coherence  was  approximately  one  in  a  particular  frequency 
range,  the  operator  had  the  option  of  saving  the  signal  and 
later  during  the  inversion  phase  eliminating  the  less 
desirable  parts  of  the  signal.  The  ability  of  the  operator 
to  read  and  evaluate  this  screen  cannot  be  overstated.  Only 
with  training  and  experience  can  one  adequately  evaluate  the 
cross  power  and  coherence  screen.  Once  the  operator  decided 
the  signal  was  acceptable,  the  screen  was  saved  and  recorded 
on  a  floppy  disc.  This  procedure  was  then  repeated  for 
other  geophone  spaclngs. 
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6.5  SASW  Test  Results 

Of  the  sixteen  sites  surveyed,  there  was  one  site  with 
a  cavity  near  the  surface.  Site  number  six  contained  a 
small  16  inch  deep  cavity  starting  at  a  depth  of  18  inches. 
The  cavity  was  found  using  the  manual  DCP.  Figure  6.3  shows 
the  DCP  blow  profile  from  site  #6.  Notice  that  from  abc  ut 
18  inches  to  34  Inches  the  slope  of  the  penetration  index  is 
vertical  which  means  a  large  penetration  with  one  blow  or  a 
cavity.  Once  the  cavity  was  discovered,  the  manual  DCP  was 
used  to  determine  its  boundaries.  The  cavity  was  determined 
to  be  at  a  depth  of  18  inches,  24  Inches  long  and  16  inches 
in  height. 

The  results  of  the  SASW  analysis  were  generated  first 
from  the  waveform  analyzer  which  captured,  stored,  and 
processed  the  output  of  each  geophone.  For  each  spacing, 
three  and  nine  feet,  the  time  and  frequency  spectra  were 
recorded  from  the  two  signals.  Matrix  calculations  were 
made  on  these  results  and  a  dispersion  curve  was  developed. 
The  dispersion  curve  is  a  plot  of  surface  wave  velocity  vs 
wavelength.  Several  dispersion  curves  were  combined  into  a 
single  composite  curve  for  this  site  #6.  The  dispersion 
curve  took  about  fifteen  minutes  to  develop.  Finally,  an 
inversion  process  was  used  to  compare  the  composite 
dispersion  curve  of  site  #6  with  a  theoretical  curve  based 
on  different  stiffness  profiles.  The  inversion  data  took 
two  hours  to  develop.  Table  6.1  is  a  summary  of  the 
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Figure  6.3  Manual  DCP  Blow  Profile  of  Site  #6 
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Table  6.1  Summary  of  Inversion  Output  of  Site  #6 


SOLUTION  INFOSNATION 
SNEAK  WAVE 

UYER  UYER  TOTAL  VELOCITY  NASS  POISSON 


NO. 

THICKNESS 

DEPTH 

(REAL) 

(IMAC) 

DENSITY 

RATIO 

DANPINC 

SAT 

1 

1.00 

1.00 

299.77 

.00 

3.40 

.30 

.00 

U 

2 

1.00 

2.00 

849.93 

.00 

3.40 

.30 

.00 

U 

3 

1.00 

3.00 

550.13 

.00 

3.40 

.30 

.00 

U 

4 

1.00 

4.00 

550.36 

.00 

3.40 

.30 

.00 

U 

S 

1.00 

5.00 

1000.04 

.00 

3.40 

.30 

.00 

U 

A 

1.00 

6.00 

1000.05 

.00 

3.40 

.30 

.00 

U 

7 

4.00 

10.00 

1100.11 

.00 

3.40 

.30 

.00 

s 

NALP  SPACE 

1199.97 

.00 

3.40 

.30 

.00 

s 

UYER 

VELOCITIES 

NODULI 

NUNICR 

SHEAR 

CONPRESSION* 

SHEAR 

YOUNGS 

1 

299.77 

560.81 

.306E*06 

.794E«06 

2 

149.93 

1590.07 

.246E«07 

.639E^07 

3 

550.13 

1029.19 

.103£*07 

.268E07  . 

4 

550.36 

1029.63 

.103E^07 

.268E>07 

5 

1000.04 

1870.90 

.340E^07 

.884E07 

6 

1000.05 

1870.92 

.340C»07 

.884E407 

7 

1100.11 

4800.00 

.411E*07 

.107E*08 

lALP  SPACE 

1199.97 

4800.00 

.490E^07 

.127E«08 
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Inversion  output.  Figure  6.4  is  a  plot  of  the  Kanapaha  site 
#6  field  and  theoretical  dispersion  curves.  This  figure 
shows  how  well  the  program  matched  the  field  data.  From  the 
theoretical  dispersion  curve,  the  shear  wave  velocity, 
maximum  shear  modulus  and  maximum  Young's  modulus  profiles 
are  determined  and  are  plotted  in  Figures  6.5,  6.6,  and  6.7. 

The  second  set  of  results  presented  are  from  Test  Pit 
#1  FOOT  Waldo  road  test  site.  This  site,  as  shown  in  Figure 
6.2,  had  10.5  Inches  of  recycled  asphalt  and  a  48  inch 
Fairbanks  sand  subbase.  Results  were  generated  using  the 
same  SASW  process  as  described  above  with  one  exception. 

This  site  used  accelerometers  on  the  stiff  upper-layer 
instead  of  the  geophones  used  in  the  soil  site  of  Kanapaha. 
As  discussed  in  Section  2.4.3,  pavement  sites  have 
frequencies  much  higher  than  those  at  soil  sites. 

Test  Pit  #1  results  are  presented  in  Figure  6.8  as  a 
two-layer  dispersion  curve.  An  attempt  was  made  to  run  the 
Inversion  program  in  order  to  generate  a  theoretical 
dispersion  curve  and  the  shear  wave  and  modulus  profiles. 

It  was  however  found  that  the  software  could  not  properly 
calculate  the  theoretical  dispersion  curve  when  a  stiff 
layer  overlies  a  soft  layer.  Alternative  inversion  software 
was  not  available  as  of  the  writing  of  this  report. 
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Flgur*  6.4  Sit*  #6  Field  and  Theoretical  Dispersion  Curves 
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Figure  6.5  Shear  Wave  Velocity  Profile  of  Site  #6 
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Figure  6.6  Maximum  Shear  Modulus  Profile  of  Site  #6 
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Figure  6.7  Maximum  Young's  Modulus  Profile  of  Site  06 
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Figure  6.8  FOOT  Test  Pit  #1  Dispersion  Curve 
RAP  Material 
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6.6  Discussion  of  SASW  Results 

6.6.1  Kanaoaha  Site 

Ths  results  for  the  Kanapaha  site  are  shown  in  Figures 
6.3  through  6.7.  Since  Figure  6.3  reveals  a  cavity  at  the 
18  to  34  inch  depth,  it  should  be  detected  by  the  SASW 
technique  in  Figures  6.5  through  6.7.  All  three  of  these 
figures  show  a  decrease  in  shear  wave  velocity  or  modulus  in 
the  range  of  24  to  48  Inches.  Otherwise  the  velocity  and 
modulus  values  show  a  continuous  increase  with  depth.  In 
Table  6.1,  the  Inversion  output  shows  six  one  foot  layers, 
one  four  foot  layer,  and  the  half  space.  The  lower  than 
expected  values  in  layers  3  and  4  indicate  qualitatively 
that  a  softer  layer  exists  in  site  #6. 

6.6.2  FDQT  Test  Pit  #1 

Figure  6.8  displays  the  field  dispersion  plot  for  Test 
Pit  #1.  Using  a  technique  developed  by  Roesset  et  al. 

(1991)  the  thickness  of  the  pavement  surface  layer  can  be 
estimated  as  described  in  Section  2.4.7.  The  first  step  is 
to  note  the  location  of  the  change  in  slope  of  the  data  in 
the  dispersion  curve.  This  location,  as  drawn  on  Figure 
6.8,  is  equal  to  a  wavelength  of  0.9  feet  which  is 
approximately  equal  to  the  thickness  (10.5  inches  or  0.875 
feet)  of  the  RAP  material.  This  suggests  that  the 
dispersion  curve,  which  takes  10  minutes  per  site  to 
generate,  can  be  used  to  verify  the  surface  layer  thickness. 


CHAPTER  7 


CONCLUSION  AND  RECOMMENDATIONS 

7.1  Conclusions 

It  was  the  goal  of  this  research  to  improve  on  the 
first  phase  of  the  unsurfaced  airfield  evaluation  process, 
i.e.,  the  gathering  of  raw  airfield  bearing  data.  The 
primary  research  effort  has  focused  on  developing  airfield 
bearing  test  equipment  which  is  equally  acceptable  but  less 
labor  Intensive  than  the  currently  used  Dynamic  Cone 
Penetrometer  (DCP) .  A  secondary  goal  was  to  evaluate 
Spectral  Analysis  of  Surface  Wave  (SASW)  technology  for  use 
as  a  seismic  surveying  technique  of  non-test  zones  for 
spatial  variations  throughout  the  unsurfaced  runway  and 
aprons.  From  the  study  performed  the  following  conclusions 
may  be  drawn. 

1.  The  manual  DCP  test  instrument  provides  consistent 
and  repeatable  results  when  performed  in  uniform  insltu  soil 

sites. 

2.  The  manual  DCP  test  can  be  used  as  a  standard  with 
which  to  compare  alternative  DCP  prototypes,  based  on  its 
relatively  low  coefficient  of  variation  values. 
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3.  A  prototype  Automated  Airfield  Dynamic  Cone 
Penetrometer  (AAOCP)  was  designed  and  manufactured  which 
penetrates  the  ground  in  much  the  same  manner  as  the  manual 
DCP.  The  AAOCP  was  shorn)  to  be  inherently  less  labor 
intensive  than  the  manual  DCP  due  to  its  pneumatic 
operation.  Though  the  AADCP  is  not  field-ready  due  to 
weight  and  power  restrictions,  it  is  a  viable  prototype 
which  could  be  modified  as  explained  in  the  recommendations 
section. 

4.  Automated  Airfield  Dynamic  Cone  Penetration  Testing 
was  performed  at  one  site  at  two  different  blow  rates. 

There  was  no  significant  influence  of  blow  rate  on  the  depth 
versus  number  of  blows  plot,  i.e.,  data  fell  within  the  band 
of  natural  scatter  of  AAOCP  testing. 

5.  Plots  of  DCP  and  AAOCP  penetration  indexes  versus 
depth  have  the  same  shape  and  therefore  suggest  that  both 
instruments  detect  changes  in  layer  stiffness. 

6.  Correlation  testing  between  the  manual  Dynamic  Cone 
Penetrometer  and  the  Automated  Airfield  Dynamic  Cone 
Penetrometer  was  performed.  The  correlation  equations  and 
R-squared  values  were: 

(a)  For  all  five  sites  combined 
DCP  -  2.27  AADCP  -  0.12 
r2  - 


0.85 
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(b)  For  the  three  sand  sites 

DCP  -  2.30  AAOCP  -  0.04 

R*  -  0.94 

(c)  For  the  two  sllty-sand  sites 

DCP  -  0.02  AADCP  +  0.46 

R*  -  0.00 

7.  The  Autonated  Airfield  Dynamic  Cone  Penetrometer 
requires  approximately  2.3  blows  for  every  one  blow  of  the 
manual  DCP  to  achieve  the  same  penetration. 

8.  Profiles  of  field  CBR's  can  be  determined  from  the 
Automated  Airfield  Dynamic  Cone  Penetration  Test  using  the 
correlations  of  6a  and  6b.  above  and  the  Webster  et  al. 
equation,  (5.1). 

9.  For  practical  purposes  the  AADCP  CBR  range  of 
accuracy  is  5%  to  40%  as  shown  in  Appendix  C  CBR  profiles. 
Since  standard  cargo  aircraft,  i.e.,  C-130,  require  at  least 
a  CBR  of  10%,  this  range  is  still  useful  to  determine  the 
number  of  aircraft  takeoffs  and  landings. 

10.  Statistical  analysis  was  applied  to  the 
correlation  test  results  of  the  AADCP  and  the  DCP 
instruments.  According  to  the  statistical  analysis  using 
the  coefficient  of  variation,  the  AADCP  and  DCP  instruments 
have  similar  relative  dispersions  of  their  penetration 
Indexes . 

11.  During  the  field  testing,  an  effort  was  made  to 
evaluate  the  advantages  of  the  AADCP  and  DCP  instruments. 
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The  following  were  considered  advantages  of  each  device: 
Advantages  of  the  DCP 

(a)  ease  of  transportation 

(b)  cheaper  to  manufacturer 

(c)  established  correlation  over  35  years 

(d)  ease  of  maintenance 
Advantages  of  the  AADCP 

(a)  ease  of  operation  over  large  number  of  tests 

(b)  field  testing  can  be  performed  by  one  operator 

(c)  operator  error  reduced  with  electronic  blow 
counter,  l.e.,  miscounting  blows 

(d)  higher  blow  rate  decreases  testing  time 

(e)  data  acquisition  easier  to  document  with  separate 
measuring  rod 

12.  The  SASW  seismic  survey  technique  can  be  used  to 
detect  soft  layers  and  cavities  qualitatively  by  analyzing  a 
theoretical  shear  wave  velocity  profile.  A  decrease  In 
shear  wave  velocity  from  849  ft/sec  to  550  ft/sec  Indicated 
a  soft  layer  at  site  #£  In  Kanapaha. 

13.  Using  a  dispersion  curve,  which  takes  10  to  15 
minutes  per  site  to  generate,  the  thickness  of  the  base 
coarse  layer  of  an  unsurfaced  airfield  can  be  estimated  by 
the  method  Introduced  by  Roesset  et  al.  (1991)  and  described 
In  Chapter  6. 
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7.2  Reconunendations  for  Future  Testing 
7.2.1  Airfield  Evaluation  Using  SASW 

Based  on  the  results  in  Chapters  5  and  6,  the 
unsurfaced  airfield  evaluation  procedure  should  be  re¬ 
evaluated.  It  Is  suggested  to  use  the  Spectral  Analysis  of 
Surface  Waves  seismic  surveying  technique  to  complement  the 
Automated  Airfield  Dynamic  Cone  Penetrometer  prototype  in  a 
full  scale  field  evaluation  of  an  unsurfaced  runway.  This 
field  testing  would  first  consist  of  using  the  SASW  seismic 
technique  to  survey  the  unsurfaced  airfield  and  parking 
ramp.  The  seismic  survey  would  consist  of  comparing  field 
dispersion  curves  at  the  present  station  spacing  of  150-200 
feet.  Figure  7.1  shows  the  proposed  test  configuration 
while  Figure  7.2  displays  a  cumulative  dispersion  curve  over 
several  survey  stations.  Note  in  Figure  7.1  that  the 
seismic  survey  using  two  geophones  staggers  across  the 
centerline  within  a  30  foot  primary  landing  zone  centered  on 
a  60  foot  wide  unsurfaced  airfield.  It  is  recommended  that 
additional  testing  be  attempted  using  a  multiple  channel 
analyzers  with  4  to  6  channels.  This  could  tremendously 
increase  the  efficiency  of  the  seismic  survey.  Figure  7.2 
shows  several  dispersion  curves  plotted  together  for  easy 
comparison.  The  traces  for  stations  1+50,  3+50  and  5+50  are 
quite  similar  while  that  for  station  7+50  does  not  quite 
match  up  in  phase  velocity.  A  decision  might  therefore  be 
made  to  perform  a  DCP  test  at  station  7+50.  Using  the 
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Figure  7.1  Proposed  Seismic  Surveying  Configuration 
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Figure  7.2  Cxmulatlve  Dispersion  Curves  Over  Several 
Survey  Stations 
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tftchnlqutt  of  overlying  successive  dispersion  curves  could 
decrease  the  number  of  DCP  tests  required  to  evaluate  the 
unsurfaced  airfield. 

7.2.2  Airfield  Evaluation  Using  Robotics 

During  the  literature  review  phase  of  this  research, 
the  Idea  of  using  a  robotic  devise  to  meet  the  research 
goals  was  considered.  Based  on  the  aerial  penetrometers 
dropping  from  low  flying  aircraft,  a  robot  devise  could  be 
parachuted  Into  the  unsurfaced  airfield.  The  robot  could 
then  be  remotely  controlled  by  either  a  party  on  the  ground 
or  airborne  In  a  nearby  aircraft.  A  research  effort  should 
be  made  In  this  area. 

7.2.3  Modifications  to  the  AADCP  Prototype 

Further  study  should  be  carried  out  on  the  Automated 
Airfield  Dynamic  Cone  Penetrometer  (AADCP)  prototype.  The 
following  topics  are  suggested: 

(1)  Study  a  reduction  in  weight  using  carbon  kevlar 
components  instead  of  aluminum 

(2)  Study  an  alternative  method  of  providing 
compressed  air  into  the  air  cylinder  including  compressed 
air  bottles  and  light  weight  gas-powered  engines 

(3)  Study  an  alternative  method  to  provide  the  spring 
reaction  force  used  to  counteract  the  spring  rebound  force 

(4)  Study  an  alternative  method  to  allow  air  to  escape 
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quickly  out  of  the  air  cylinder. 

(5)  Study  a  direct  correlation  between  the  AADCP  and 
the  CBR. 


Appendix  A 

DCP  RELIABILITY  TESTING  DATA 


This  appendix  presents  all  the  data  from  the  DCP 
reliability  testing  at  the  six  test  sites.  The  sites  were 
Archer  landfill,  Maguire  Field,  Lake  Alice  Parking  Lot,  Lake 
Alice  Shoreline,  SW  24  Ave  Quarry,  and  Newberry  farm.  The 
data  presented  for  each  site  consist  of  the  cumulative  DCP 
penetrations,  the  calculated  DCP  values,  and  the  WES  CBR-DCP 
correlations.  In  addition,  the  averaged  estimated  CBR 
calculations  over  five  Inch  intervals  are  presented.  These 
averages  were  used  to  plot  CBR  profiles  as  discussed  In 
Chapter  5.  Also  included  for  each  site  is  a  plot  of  the 
number  of  blows  versus  depth,  developed  by  using  the  raw 
data. 
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A. 3  Archer  Landfill  Estimated  CBR  Profile 
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A. 4  Archer  Landfill  Manual  DCP  Blows  vs  Penetration 
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*  Depths  are  In  inches. 
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H 

AVG 

GBR 

1 

AVG 

GBR 
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AVG 

GBR 

3 

AVG 

GBR 

4 

AVG 

GBR 

5 

AVG 

GBR 

6 

GBR 

SITE 

AVG 

ST 

DEV 

CV 

-5 

2.3 

B 

B 

B 

2.3 

B 

22.6 

-10 

3.6 

3.2 

2.9 

3.6 

5.3 

B 

3.9 

B 

22.6 

-15 

D 

B 

B 

6.5 

B 

1.8 

43.9 

-20 

8.4 

B 

3.2 

B 

5.9 

B 

B 

B 

27.4 

-25 

8.0 

8.8 

7.8 

10.3 

6.5 

6.2 

8.0 

B 

17.5 

-30 

n 

10.3 

11.5 

B 

B 

B 

8.7 

B 

18.7 

-35 

7.8 

12.9 

12.5 

6.0 

B 

7.8 

8.8 

2.8 

32.0 

*  Depths  are  In  inches. 


A.  22  Newberry  Farm  Average  Estimated  GBR  Calculations 
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A. 23  Newberry  Fam  Estimated  CBR  Profile 


A. 24  Newberry  Farm  Manual  DCP  Blows  vs  Penetration 


Appendix  B 

KANAPAHA  DCP  TESTING  DATA 


This  appendix  presents  results  from  DCP  testing  at  the 
Kanapaha  site.  Sixteen  separate  DCP  tests  were  performed  at 
the  locations  sho%m  in  Appendix  B.l.  The  remaining  pages 
present  the  raw  DCP  data,  calculated  DCP  penetration 
Indexes,  and  the  estimated  CBR  values  calculated  using  the 
WES  CBR-DCP  correlation.  In  addition,  the  sites  CBR 
calculations,  CBR  profiles,  and  the  blow  profiles  are 
press  ited. 
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B.l  Kanapaha  Site  Locations 
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KANAPAHA 

SITES  1  THRU  0 


MEAN 

AVQ 

AVG 

AVG 

• 

• 

AVG 

AVG 

AVG 

DEPTH 

CBR 

CBR 

CBR 

CBR 

CBR 

CBR 

ONCHES) 

1 

2 

3 

4 

5 

6 

0 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

•5 

4.01 

24.12 

10.65 

17.60 

17.03 

0.15 

-10 

e.50 

31.67 

10.33 

18.87 

25.76 

4.17 

-15 

5.92 

26.80 

14.10 

14.40 

23.14 

4.04 

-20 

4.61 

16.20 

6.01 

6.54 

25.34 

3.07 

-25 

2.46 

75.42 

4.78 

4.64 

27.14 

3.07 

-30 

1.66 

33.24 

4.40 

4.61 

8.84 

3.07 

-35 

1.65 

30.28 

6.95 

4.61 

5.66 

2.46 

•40 

2.75 

14.57 

19.36 

5.00 

4.70 

5.36 

-45 

2.46 

17.37 

10.77 

7.36 

4.04 

3.80 

B.3  Kanapaha  Sites  1-6  Average  Estimated  CBR  Calculations 
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B.4  Kanapaha  Sites  1-6  Estinated  CBR  Profile 


226 


B.5  Kanapaha  Sites  1-6  Manual  DCP  Blows  vs  Penetration 
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B.6  Kanapaha  Sites  7-12  Manual  DCP  Raw  Data  and  CBR 
Estimations 
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KANAPAHA 

SITES  7  THRU  12 


MEAN 

DEPTH 

(INCHES) 

AVG 

CBR 

7 

AVG 

CBR 

8 

AVG 

CBR 

8 

AVG 

CBR 

10 

AVG 

CBR 

11 

AVG 

CBR 

12 

0 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

-8 

15.27 

13.15 

13.00 

10.28 

16.32 

84.36 

-10 

20.06 

0.15 

18.58 

22.04 

17.31 

•15 

13.54 

12.50 

26.61 

24.08 

12.55 

•20 

0.14 

7.14 

15.13 

17.52 

104.84 

•25 

4.61 

7.72 

0.30 

10.33 

•90 

6.19 

6.50 

6.18 

7.32 

•95 

0.00 

7.80 

12.22 

5.00 

11.49 

7.44 

9.41 

4.47 

•45 

11.42 

23.68 

2.46 

5.20 

B.7 


Kanapaha  Sites  7-12  Average  Estimated  CBR  Calculations 


B.8  Kanapaha  Sites  7-12  Estimated  CBR  Profile 
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B.IO  Kanapaha  Sites  13-16  Manual  DCP  Raw  Data  and  CBR 
Estimations 
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Kanapaha  Sites  13-16  Average  Estimated  CBR 
Calculations 


B.12  Kanapaha  Sites  13-16  Estimated  CBR  Profile 


B.13  Kanapaha  Sites  13-16  Manual  DCP  Blows  vs  Penetration 


APPENDIX  C 


AADCP  AND  DCP  CORRELATION  TESTING 

This  appandix  prasants  tha  data  associated  with  the 
AADCP  and  DCP  correlation  tasting.  The  data  are  grouped  by 
site  and  are  presented  In  the  following  order: 

(a)  Spreadsheet  1  of  Cumulative  Penetration  for  both 
AADCP  and  DCP  Instruments 

(b)  Spreadsheet  2  of  Penetration  Index  values  for  AADCP 
and  DCP  Instruments,  Standard  Deviation,  Coefficient  of 
Variability,  AADCP-DCP  Correlation  Penetration  Index  and 
Estimated  CBR  values 

(c)  Plot  of  Blows  vs  Depth  of  AADCP  and  DCP  Instruments 

(d)  Plot  of  Estimated  Penetration  Index  (PI)  from  AADCP 
Data  and  DCP  versus  depth 

(e)  Plot  of  Estimated  CBR  from  AADCP  and  DCP  Instrument 
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Archer  Landfill  AADCP  and  DCP  Blow  Profile 
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C.4  Archer  Landfill  PI  vs  Depth 
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Archer  Landfill  Estimated  CBR  vs  Depth 
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C.6  Maguire  Field  Spreadsheet  1 
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C.8  Maguire  Field  AADCP  and  DCP  Blow  Profile 


C.9  Maguire  Field  PI  vs  Depth 
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C.IO  Maguire  Field  Estimated  CBR  vs  Depth 
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Lake  Alice  Parking  Lot  AADCP  and  DCP  Blow  Profile 


249 


C.14  Lake  Alice  Parking  Lot  PI  vs  Depth 
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C.15  Lake  Alice  Parking  Lot  Estimated  CBR  vs  Depth 
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Lake  Alice  Shore  Line  AADCP  and  DCP  Blow  Profile 


C.19  Lake  Alice  Shore  Line  PI  vs  Depth 
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C.20  Lake  Alice  Shore  Line  Estimated  CBR  vs  Depth 
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C.23  FOOT  Test  Pit  #1  AADCP  and  DCP  Blow  Profile 
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C.24  FOOT  Test  Pit  #1  PI  vs  Depth 
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C.25 


FOOT  Test  Pit  #1  Estimated  CBR  vs  Depth 


APPENDIX  D 


FORCE  AND  ENERGY  MEASUREMENT  OF  THE  AADCP  AND  DCP 

INSTRUMENTS 

This  appendix  describes  and  presents  the  equipment, 
procedures  and  results  of  force  and  energy  measurement  of 
the  AADCP  and  DCP  Instruments.  It  Is  placed  In  an  appendix 
and  not  in  the  main  text  due  to  the  lack  of  conclusive 
results . 
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D.  1  Force  and  Energy  Measurement  Test  Eauipment  and 

Procedures 

A  force  neasurement  method  developed  after  Chua  and 
Lyttoh  (1989)  was  used  to  determine  the  force  in  the 
penetration  rod  of  both  the  DCP  and  the  AADCP.  The  force  Is 
actually  computed  from  measuring  accelerations.  The 
acceleration  time  plot  Is  first  Integrated  to  yield  a 
velocity  time  plot.  The  velocity  over  time  is  then 
multiplied  by  the  Impedance  of  the  penetration  rod  yielding 
the  force-time  plot  (see  Chapter  2  for  theory) .  A  schematic 
of  the  test  equipment  is  shown  in  Figure  D.l.  The  equipment 
consisted  of  a  Lecroy  Oscllllscope,  a  PCB  Constant  Current 
Power  Supply,  an  Endevco  High  g  Accelerometer,  a  HP  plotter, 
coaxial  cables,  and  BNC  connectors.  The  accelerometer, 
mounted  to  the  penetration  rod  just  under  the  anvil,  was 
connected  to  the  constant  current  power  supply  which  was  in 
turn  connected  to  the  Lecroy  oscilllscope.  Each  test 
consisted  of  one  blow  which  was  analyzed  by  the  oscilllscope 
and  plotted  out  to  the  HP  plotter. 

Energy  calculations  of  the  first  compression  wave  were 
made  by  applying  the  following  equation  from  ASTN  1586 

where 


El  -  compression  energy 
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Figure  D.l 


Force  Measurement  Equipment 
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c  *  wav«  speed 

K, ,  Kj ,  K,  *  constants 
A  «  area 

E  >  Young's  Modulus 
F  ■  force 
t  -  time 

The  three  K  values  were  set  to  1.0  and  not  used  since 
they  did  not  apply  In  a  practical  manner  to  the  DCP  and 
AADCP  instruments. 

D.2  Force  and  Energy  Measurement  Results 

Figures  D.2,  D.3,  and  D.4  show  results  of  the  force  and 
energy  measurement  testing  at  Weil  Hall  on  an  asphalt  site. 
Figure  D.2  shows  a  velocity-time  plot  of  the  AADCP  and  DCP 
Instruments.  Figure  D.3  shows  the  force-time  plot  of  both 
instruments  while  Figure  D.4  shows  the  cumulative  energy  of 
both  instruments. 

The  following  equations  were  used  to  calculate  the 
force  in  the  penetration  rod 


I  V 

(D.2) 

E(A)/C 

(D.3) 

n  d*/4 

(D.4) 

where 

F  >  force  in  penetration  rod  (lbs) 
I  *  Impedance  (Ib-sec/ft) 

V  -  particle  velocity  (ft/sec) 
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Figure  D.2  Velocity-Time  Plot 
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Figure  D.3  Force-Time  Plot 
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—  DCP  -  -  AADCP 


Figure  D.4  Cummulative  Energy-Time  Plot 


268 


E  ■  Young's  Modulus  (29,000,000  psl) 

A  *  cross  sectional  area  of  penetration  rod  (in^) 

C  >  wave  speed  in  steel  (17,000  ft/sec) 

Pros  Ecpiation  D.3 

I  -  [(29,000,000)  (144)][tr(0.629)V(4)  (144)  ]/[(17, 000)  ] 
*■  530  Ib-sec/ft 

and  therefore  the  force  in  the  rod  becomes 

F  -  (530)v  (D.5) 

D.3  Discussion  of  Feres  and  Energy  Measurement  Results 

The  results  of  the  force  measurement  testing  Indicate 
that  the  AADCP  is  strilcing  its  penetration  rod  with  about 
the  same  force  that  the  DCP  is  stri)clng.  This  result  is 
somewhat  surprising  since  the  correlation  testing  concluded 
that  the  AADCP  requires  approximately  2.5  times  the  number 
of  blows  that  the  manual  DCP  requires. 

The  potential  energy  of  the  AADCP  is 

PE  -  [(1/2)(K)(X*)]  +  [(W)(X)]  (D.5) 

-  [(1/2)  (285)  (2*)]  +  [(11)  (2)) 

-  592  in-lbs 

and  the  potential  energy  of  the  manual  DCP  is 

PE-[(W)(X)]  (D.6) 

-  [(17.6) (22.6)) 

-  398  In-lbs 

where 

PE  «  potential  energy  (in-lbs) 
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K  "  spring  constant  (lb/ in) 

X  >  deflection  (in) 

W  «  weight  of  hanuner 

Therefore,  the  potential  energy  available  to  the  AADCP  is 
almost  50%  higher  than  the  manual  DCP. 

In  Figure  D.4  the  energy  of  both  Instruments  is 
essentially  the  same  despite  the  field  testing  results.  The 
most  likely  reason  fur  the  lack  of  energy  in  the  AADCP 
penetration  rod  lies  with  the  reaction  of  the  compression 
spring.  When  the  piston  raises  the  hammer  and  compresses 
the  spring,  two  forces  act  in  opposite  directions.  Those 
forces  acting  down  are  the  weight  of  the  hammer  and  the 
compression  resistance  in  the  spring.  The  force  acting  up 
is  the  pressure  in  the  cylinder.  Once  the  cylinder  has 
reached  the  top  position,  the  air  is  "immediately"  released. 
The  compression  spring  is  then  free  to  strike  in  both 
directions,  up  and  down.  The  spring  will  move  more  in  the 
direction  of  least  resistance  whether  it  be  down  towards  the 
penetration  rod  or  up  towards  the  top  of  the  cylinder.  If 
the  spring  is  not  securely  prevented  from  moving  in  the  up 
direction,  valuable  energy  is  lost.  Practical  solutions  to 
secure  the  instrument  from  rebounding  up  were  attempted 
using  the  one-way  gripper  was  described  in  Section  3. 3. 6. 3. 
However,  this  solution  was  not  successful  in  that  it  scarred 


the  rod. 


APPENDIX  E 


INSTRUCTION  MANUAL  FOR  AAOCP  TESTING 

This  appendix  is  an  instructional  manual  for  the  AADCP. 
It  includes  the  procedures  to  be  used  to  run  the  instrument 
and  determine  the  estimated  CBR  value  for  the  site.  Also 
Included  are  sample  data  sheets  that  can  be  used  in  the 
field. 
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INSTRUCTION  MANUAL  FOR  THE  AUTOMATE^  AIRFIELD  DYNAMIC  CONE 

PENETROMETER  (AADCP) 


BY 


CAPTAIN  DAVID  WEINTRAUB 
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E.l  AADCP  General  Description 

The  purpose  of  this  section  is  to  provide  a  complete 
description  of  the  Automated  Airfield  Dynamic  Cone 
Penetrometer  (AADCP) .  The  AADCP  is  composed  of  three  basic 
components,  the  penetration  system,  the  control  system  and 
the  power  system.  The  penetration  system  consists  of  the 
penetration  rod,  cone  tip,  anvil,  pneumatic  air  cylinder  and 
piston,  hammer,  compression  spring,  counter  weight  and  quick 
exhaust  valve.  The  control  system  Includes  the  piston 
position  switch,  the  double  solenoid  air  valve,  the  trigger 
switch,  the  vertical  tape  measuring  rod,  and  the  digital 
counter.  The  power  system  consists  of  the  gas  powered 
motor,  air  compressor,  air  tank,  and  12  volt  DC  battery.  In 
general,  the  AADCP  works  somewhat  like  a  single  acting  pile 
driver.  The  AADCP  requires  two  operators  with  one  person 
reading  the  measuring  rod  and  the  other  operating  the 
trigger  switch.  Testing  begins  by  an  operator  turning  the 
toggle  switch  to  the  "on"  position  which  allows  air  to  flow 
into  the  cylinder.  Figure  E.l.  Notice  in  Figure  E.l  that 
the  toggle  switch  has  a  lead  to  the  positive  side  of  the 
battery  and  one  to  the  fill  side  of  the  solenoid.  The  air, 
supplied  by  an  adjacent  air  compressor  to  port  1,  travels 
through  the  fill  side  of  the  directional  control  valve  from 
port  1  to  port  2.  Port  2  is  directly  connected  to  the  air 
cylinder  and  acts  as  a  pivot  point  for  air  to  fill  and 
exhaust  the  cylinder.  Notice  that  when  it  is  time  to 
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CYUNDER 


Flgur*  E.l  General  Flow  of  AADCP  Operation 
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•xhaust  tha  air  that  port  2  pivots  and  is  now  connected  with 
port  3  on  the  exhaust  side  of  the  directional  control  valve. 
As  the  100  psi  pressurized  air  fills  the  cylinder,  the 
piston  is  raised  approximately  two  inches.  The  air 
overcomes  the  resistance  of  both  the  hammer  mass  and  the  285 
Ib/in  spring.  Generally,  100-120  psi  of  air  pressure  is 
reqpiired  to  quickly  raise  the  piston  two  inches.  Once  the 
piston  reaches  the  top  of  the  stroke,  a  magnet  attached  to 
the  piston,  triggers  the  position  switch  mounted  on  the 
outside  of  the  cylinder.  The  position  switch  then  sends  a 
signal  to  the  exhaust  side  of  the  directional  control  valve 
to  atop  the  air  flow  into  the  cylinder  and  to  exhaust  this 
air.  Notice  in  Figure  E.l,  the  position  switch  has  three 
leadis  with  two  of  them  connected  to  the  battery  terminals. 
The  third  lead  is  connected  to  the  exhaust  side  of  the 
directional  control  valve.  Immediately,  the  piston  is 
driven  down  by  the  spring  and  mass  of  the  hammer  and  strikes 
the  anvil  which  is  rigidly  connected  to  the  penetration  rod. 
The  trigger  operator  starts  the  process  again  by  moving  the 
toggle  switch  back  to  the  "on**  position.  This  is  the  basic 
operation  of  the  AADCP.  The  following  sections  describe  the 
various  functions  of  the  AADCP  in  more  detail. 

E.2  Penetration  System 

The  penetration  system  consists  of  the  penetration  rod, 
the  cone  tip,  the  anvil,  the  hammer,  the  pneumatic  air 
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cylinder,  the  compression  spring,  the  counter  weight  and  the 
quick  exhaust  valve.  The  penetration  steel  rod  has  a 
diameter  of  16  mm  and  can  penetrate  to  a  depth  of  36  inches. 
The  hardened  steel  cone  tip,  which  is  threaded  to  the 
penetration  rod,  has  a  diameter  of  20  mm  and  a  60  degree 
cone  apex.  The  air  cylinder  has  a  2.5  inch  diameter  piston 
that  has  a  10  inch  stroke  capability  with  no  attached  mass. 
Note  that  an  11  lb  mass  is  mounted  to  the  piston  rod.  This 
leaves  a  maximum  of  two  Inches  in  stroke.  The  compression 
spring  is  mounted  Inside  the  piston  with  teflon  guide  rings 
used  to  stabilize  the  spring.  The  spring  rests  on  top  of 
the  piston  and  pushes  against  the  top  of  the  cylinder  when 
compressed.  The  operating  air  pressure  is  approximately  100 
psi.  A  20  lb  weight  is  used  to  counter  the  large  rebound 
force  from  the  compression  spring. 

One  of  the  key  elements  of  the  penetration  system  is 
the  quick  exhaust  valve.  Figure  E.2(a).  This  valve  is  used 
to  expel  the  air  inside  the  cylinder  as  quickly  as  possible. 
As  previously  mentioned,  once  the  position  switch  triggers 
the  exhaust  side  of  the  directional  control  valve,  the  air 
into  the  cylinder  is  cutoff,  port  1  closed,  and  the  air 
begins  to  exhaust  from  port  2  to  port  3  through  the 
directional  control  valve.  Since  the  openings  inside  the 
directional  control  valve  are  relatively  small,  the  air  does 
not  escape  fast  enough  through  the  valve.  However,  the  drop 
in  pressure  from  the  directional  control  valve  creates  a 
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A 


Figure  E.2  Quick  Exhaust  Valve 
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backpressure  on  the  quick  exhaust  valve  diaphragm  which 
"instantly"  dumps  the  air  out  of  its  large  3/4"  exhaust 
port,  Figure  E.2(c}.  Figure  E.2(b)  shows  the  filling  of  the 
air  cylinder  through  the  exhaust  valve  while  Figure  E.2(c) 
shows  the  air  exhausting  out  the  valve.  Notice  the  pressure 
of  the  In-comlng  air  forces  the  diaphragm  to  block  the 
exhaust  port  during  filling  and  the  backpressure  causes  the 
diaphragm  to  seal  the  "in"  port  during  the  exhaustion  phase. 

E.3  Control  System 

The  control  system  consists  of  the  piston  position 
switch,  the  directional  control  valve,  the  toggle  switch, 
the  digital  blow  counter,  and  the  vertical  tape  measure. 

The  purpose  of  the  control  system  is  to  direct  the  air  flow 
into  and  out  of  the  cylinder.  When  the  piston  is  at  the 
bottom  (striking)  position,  high  pressure  air  flows  through 
the  normally  open  solenoid  valve  into  the  quick  exhaust 
valve  and  then  into  the  cylinder.  The  piston  rises  and 
eventually  aligns  with  the  top  position  switch.  The  top 
position  switch  is  a  magnetic  operated  switch  that  is 
activated  when  the  piston  travels  near  its  position.  The 
magnet,  mounted  in  the  piston,  closes  the  top  position 
switch  which  sends  a  12  VDC  impulse  to  the  solenoid  valve. 
The  solenoid  valve  then  ceases  the  flow  of  air  into  the 
piston  and  forces  the  air  to  escape  through  its  exhaust 
port. 
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The  other  control  components  are  the  trigger  switch  and 
the  digital  blow  counter.  The  trigger  switch  is  used  to 
pulse  the  fill  side  of  the  directional  control  valve  as 
discussed  in  the  previous  section.  The  digital  blow  counter 
is  activated  by  the  impulse  from  the  position  switch.  Each 
time  the  piston  rises  to  the  top  position,  the  counter  is 
pulsed.  A  measuring  rod,  divided  into  tenths  of  an  inch,  is 
used  to  measure  the  penetration. 

E.4  Power  System 

The  power  system  includes  the  gas  powered  motor,  air 
compressor,  air  tank,  and  12  volt  DC  battery.  A  light¬ 
weight  gas  powered  motor  ideally  should  run  the  air 
compressor.  However,  the  focus  of  this  research  was  to 
design  and  develop  a  penetration  system.  It  was  decided 
that  an  electric  air  compressor  run  by  a  gas  powered 
generator  would  suffice  to  supply  the  100  psl  air  pressure. 

A  12  volt  DC  battery  was  used  to  power  the  solenoids, 
digital  blow  counter  and  the  position  switches. 

E.5  AADCP  Test  Procedures 

The  AADCP  test  consists  of  attaching  the  air  supply  to 
the  pneumatic  cylinder,  connecting  the  12  VDC  battery  to  the 
three-way  solenoid  valve  and  attaching  a  measuring  rod  to 
the  Instrument.  Air  pressure  is  released  into  the  air  lines 
at  about  100-120  psl  pressure  which  is  required  to  compress 
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the  285  lb/ inch  spring.  The  hand  switch  is  used  to  trip  the 
solenoid  valve  to  allow  air  into  the  air  cylinder  while  the 
counter  is  triggered  to  measure  the  number  of  blows.  The 
hand-switch  allows  air  into  the  cylinder  while  the  position 
switch  is  used  to  redirect  the  air  out  of  the  cylinder  and 
release  the  hammer.  Generally,  a  measurement  is  made  every 
five  blows.  The  stiffer  the  soil,  the  greater  the  number  of 
blows  before  a  measurement  is  made,  generally  five  to  ten 
blows . 

Data  is  recorded  on  the  sample  form  in  Table  E.l.  This 
form  records  the  number  of  blows  with  penetration.  The 
average  penetration  is  calculated  in  the  last  column.  Table 
E.2  calculates  the  estimated  CBR  profile  using  the  AADCP  raw 
data.  The  penetration  index  is  calculated  by  subtracting 
the  previous  penetration  from  the  present  penetration  and 
dividing  by  the  nximber  of  blows.  If  the  type  of  soil 
penetrated  is  sand,  the  sand  correlation  at  the  bottom  of 
Table  E.2  is  used.  However,  if  soil  penetrated  is  not  known 
then  the  overall  correlation  should  be  used.  The  overall 
correlation  of  the  AADCP  and  DCP  is 

DCP  -  2.7  AADCP  -  0.12 

A  profile  of  the  CBR  can  be  plotted  by  using  the  average 
penetration  column  versus  the  CBR  column. 
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Tabl*  E.l  AADCP  FIELD  TESTING  FORM 


PENETRATION  (INCHES) 

BLOWS 

TEST  1 

TEST  2 

TEST  3 

AVERAGE 

0 

0 

0 

0 

0 

5 

-  7.1 

-  6.1 

-5.8 

-6.3 

10 

-10.5 

-8.7 

-8.9 

-9.4 

15 

-12.5 

-10.7 

-11.9 

-11.7 

20 

-14.4 

-12.6 

-13.7 

-13.6 

25 

-16.3 

-14.5 

-16.6 

-15.8 

30 

-18.8 

-16.5 

-19.1 

-18.1 

35 


21.5 


19.0 


22.2 


20.9 
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Table  E.2  AAOCP  Sample  Data  Correlation  Worksheet 


BLOWS 

AVERAGE 

PENETRATION 

(INCHES) 

PENETRATION 

INDEX 

(P.I.) 

(IN/BLOW)* 

AADCP-DCP 

CORRELATION 

P.I. 

(IN/BLOW) ^ 

DCP-CBR 

CORRELATION 

CBR 

(%)' 

0 

0 

0 

0 

0 

5 

-6.3 

1.26 

3.28 

2.04 

10 

-9.4 

0.62 

1.55 

4.71 

15 

-11.7 

0.46 

1.12 

6.78 

20 

-13.6 

0.38 

0.91 

8.56 

25 

-15.8 

0.44 

1  07 

7.1 

30 

-18.1 

0.46 

1.12 

6.78 

35 

-20.9 

0.56 

1.39 

5.33 

Notes : 

(1)  This  column  subtracts  previous  penetration  and  divides 
by  5  blows,  (9.4  -  6.3) /5  -  0.62 

(2)  This  column  uses  one  of  two  correlations  of  AADCF-DCP 

sands:  DCP  -  2.3  AADCP  -  0.04 
sllty-sands:  DCP  «  2.7  AADCP  -  0.12 

(3)  This  column  uses  the  Webster  (1992)  DCP-CBR  Correlation 


Log  CBR  «  2.46  -  1.12  [(Log  DCP  x  25.4  mm/ln)  ] 
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